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This report, No. 125 in a series of Progress Reports issued by the Research Laboratory of Electronics,
contains the customary annual statement of research objectives and summary of research for each
group. The report covers the period January 1, 1882-December 31, 1982, and the source of support
Is indicated for each project. On the masthead o%each section are listed the academic and research
staff and the graduate students who participated in the work of the group during the year. The listing
of personnel in the back of the book includes only members of the laboratory during 1982,
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Figure 3-1:
Figure 3-2:

Figure 3-3:

Figure 3-4:

Figure 3-5:

Figure 3-6:

List of Figures
Two-Photon Resonance in Lithium
The cross section for 4 photon ionization of atomic hydrogen as calculated by
Reinhardt for a single frequency laser. To facilitate comparison, the cross
section has been divided by I3. As the intensity increases, the peaks shift to
the blue and become broader.
lonization profiles produced by laser intensity I1° and at five times that intensity
51°. As the laser intensity is increased, the ionization profile becomes broad
and asymetric and is shifted to the blue of threshold.
Schematic diagram of the excitation process, illustrated with hydrogen, n =
4. a) (above) Energy levels in an electric field, neglecting the second order
Stark effect. The bold arrows show the excitation path used to populate the
circular state, |m| = 3; the light arrows show an alternative excitation route;
the dashed arrows show "leakage" transitions which must be avoided. b)
(below) The progression of n, = O levels in a decreasing field, with the
second order Stark effect exaggerated for clarity. An adiabatic rapid
transition can occur whenever the energy level separation passes through
resonance with the microwave frequency »r. Because of the second order
Stark effect these transitions occur successively, "stepping” the population
along the route shown in a), above.
Distribution of population in lithium for various values of |m| as revealed by
selective field ionization. States are n = 19, n, = 0. The ionization field
increases with time. The ionization thresholds occur in increasing fields as
Im| increases. a) |m| = 2 states initially populated by laser excitation in a field
of 830 Vem™'. The signal is clipped due to saturation of the detector. The
small peak to the left is due to i{m| = 0 atoms. The small peak to the right is
due to jm|] = 2 atoms which ionize hydrogenically. The |m| = 2 peak occurs
at approximately 4.5kVcm™'. b) Same as a), but with the adiabatic rapid
passage field ramp on for atime r_ = 4us. The |m| = 2 population has been
transferred predominantly to [m| = 17. ¢) r__increased: ionization signals for
Im] = 17 and 18 are both visible. d) T > 4.?. ps. The |m| = 18 circular states
is populated. No further change in the ionization signal occurs with
increasing T The ionizing field is approximately 5.9 kVem -1
Figure .

Figure 3-7: Figure '

Figure 7-1:

Figure

Figure 19-1: Soft x-ray spectra of

{a) ohmic discharge before RF pulse
(b) during injection of 45 kW of lower-hybrid power

Figure 19-2: Temporal evolution of signals during the LHCD density increase:

{a) plasma current, (b) loop voltage, (c) density, (d) central chord brightness
of H,4661A, (e) central chord brightness of CV 2271A P = 10 kw, Ap =
+

Figure 19-3: Temporal evolution of signals during LHCD density increase

(a) plasma current, (b) loop voltage, (c) density, (d) density fluctuation level
from 2 mm microwave scattering, fo = 325 kHz, (e) hard x-ray signal, (f)
edge density from Langmuir probe, (g) central chord brightness of H

Figure 19-4: Frequncy spectrum of RF bursts with/without LHCD from RF probe in limiter

shadow

1

12

13

16
16

116

117

118

121

RLE P.R. No. 125

Bk SIS s .




e

AP A

e

g L

i by

RN

Yo
%

B

o’

2T S Tae yl
L S

S e

(e

i

L Gt

T

)
kS
3
¥

4 el i B A Ry 4l W] "

Figure 19-5:
Figure 20-1

RLE P.A. No. 128

s .\,.r

.'.gu"-" ',,' ‘.f‘ -‘_’.‘_'7
"y

e W i QiR SIE T ida- i Vi SR AU N SCIRC A e e e urilr M 2080

Hard x~ray profiles from scanning hard x—ray spectrometer
Photograph of External Cavity

.‘-'»'

‘!\1‘ -.~~0~

pU AL A

123
131

-

T e k-0

— . BB B St A 4 S A‘.]




ot i el SR

L 0 W W)

MEALE S N

—Y

General Physics

Ty

o ety

b A ¢ WRORLNEAE SLEY

v
1.l4a

.

Py SN

-

A SR |

A




IV, CRTI AR TRATE T <

Molecule Microscopy

1. Molecule Microscopy

Academic and Research Staft
Prof. J.G. King, Prof. A.P. French, Dr. A. Essig, Dr. J.A. Jarrell, Dr. S.J. Rosenthal

Graduate Students
J.G. Yorker

1.1 Research Objectives

Francis L. Friedman Chair
John G. King, Joseph A. Jarrell

Molecule microscopy depends on the spatial variation of emissions of neutral molecules from the
sample in vacuum. It produces images that reveai variations in the number of molecules present on
the surface of (or, in some cases, coming through) the sample. These molecules can have been part
of the sample, or may have been applied as a stain. There being no useful lens for neutral molecules,
spatial resolution must be obtained as follows. An aperture can be scanned above a sample from
which molecules are evaporating so that only molecules from one region of the sample can enter a
detector, as determined by the geometry of the straight line molecular paths. Or the aperture can be
at the end of a micropipette equipped with a permeable plug, useful when the sample is in liquid
solution as with surviving tissue. Finally, the sample can be kept at such a temperature that negligible
evaporation of molecules occurs except where local stimulation of evaporation by heating, electron
stimulated desorption (ESD) or other means takes place in response to a localized scannable pulsed
source of energy, such as a focused beam of electrons. We have done some work with all three
systems: aperture or "pinhole,”! micropipette? and scanning desorption.3*

Status

We are not at present continuing work with the aperture or "pinhole” type instrument—it could
have been developed beyond the initial stage described in reference 1 where the first pictures ever
taken with evaporating water molecules are exhibited, but the other forms appeared to be more
useful. Thus the scanning micropipette MM (SMM)"’ is being applied to studies of transport in tissue
at M.LT. (see 1.3 below) at Massachusetts General Hospital and at Boston University School of
Medicine. We have worked on various aspects of the scanning desorption molecule microscope
(SDMM). Thus, to establish the contrast mechanism for SDMM with thermal desorption as it might be
used in biology, we have studied the desorption of water from representative samples of protein,
carbohydrate and lipid.5 As a frozen thin sample is raised from 100 K to 800 K three kinds of peak in
the rate of desorption of water are found—peaks around 120 K from the sublimation of ice in zero
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Molecule Microscopy

order, sample specific BET peaks in the range from 220 K to 500 K and pyrolysis peaks above 500 K.
As long as the sample is not pyrolysed it can be restained. We have also investigated the ESD of
water and ethanol from the same samples® and find cross sections around 10"'® cm2. We have also
studied a variety of thermal desorption techniques including heating by localized addressable
microheaters, a project in microstructure construction limited at present to micrometer resolution;
and heating by focused laser light.*

In summary, with our accumulated knowledge, we are now in a position to design an SDMM with
either micrometer or nanometer resolution. Yorker* exhibits pictures of water desorbed from a
stearic acid droplet and from squamous cells with 5 pm resolution and uiscusses in general how to
get micrometer resolution. Such instruments are of interest in physiological studies, but do not help
at the more fundamental molecular level where much higher resolution is needed. Recently we have
figured out how to design a SDMM with nanometer resolution. Why is it important? Because SDMM
with its surface specific and essentially chemical contrast mechanism has many applications in which
the localization of small molecules on sample surfaces can be used’to give otherwise unobtainable
information. Studies of the distribution of water on biological surfaces can give information about the
sites where it binds and help elucidate the various specific recognition processes that take place at
these surfaces. Water plays a role in corrosion initiation and failure in metallurgy, and in catalytic
reactions in chemistry. We expect the SDMM to be usefu! wherever the irregular nature of samples
does not permit diffraction studies of the adsorbate.

1.2 Design of Nanometer SDMM

How big a signal do we have to work with? Consider a monolayer of water adsorbed on a surface—
a 2 nm spot will have about 40 molecules and they must provide the signal that eventually generates
one element of the picture produced by the SDMM. Initially we plan to have 10* elements in the
picture each 2 nm by 2 nm with 3 to 5 shades of gray (attainable if the background is less than 3
counts per element) and requiring 102 seconds exposure.

Thermal desorption is feasible for 10 nm resolution with thin samples on thin substrates, but
because the spread in heat is comparable to the substrate thickness we choose to use ESD to attain
2 nm resolution. The sample will be on a thin (10 nm) substrate to minimize the effects ot "bloom."
For a desorbing pulse 10°® seconds long and with ESD cross-sections of 10°'8 cm? currents of 10°'2A
must be delivered to a 2 nm spot, well within the current state of the art. The desorbed neutrals will
impinge on and stick to a cold tungsten tip of 1 um radius. The tip oscillates at 100 Hz (eventually
under servo control to ca 0.1 um) from a position 1 um above the sample to a position at the entrance
of a time of flight (TOF) mass spectrometer. When the tip is above the sample it collects a pulse of
desorbed molecules. When It is above the TOF tube a short (10%sec) positive high voltage (400 kV)
pulse is applied to the tip which field desorbs and ionizes the molecules with high efficiency and
sends the ions down the TOF tube for detection with appropriate fast electronics.
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Molecule Microscopy

How low a pressure must be maintained in the vacuum system? If less than 1 molecule is to hit the
detector tip during 1 cycle of the desorption-detection process, the pressure should be in the vicinity
of 10° Pa, readily attainable—most easily by cryopumping in this case.

= References

J.C. Weaver and J.G. King, Proc. Nat. Acad. U.S.A. 70, 2781 (1973).
J.A. Jarrell, J.W. Mills , and J.G. King, Science 211, 277 (1981).

B.R. Silver, Ph.D. Thesis, Department of Physics, M.I.T., 1976.
J.G. Yorker, Ph.D. Thesis, Department of Physics, M.\.T., 1982,
D
J.

.G. Lysy, Ph.D. Thesis, Department of Physics, M.I.T., 19786.

1.
2,
3.
4,
5.
6. J.G. King and D.G. Lysy, ASMS Conference Pr ings, WPAZQ, 1983,
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1.3 Scanning Micropipette Molecule Microscopy (SMMM)

&
National Institutes of Health (Grant AM-31546)
Joseph A. Jarrell, John G. King
¥ The major goal of this research is the study of water transport at the cellular level across
'l hormonally responsive tissues that model the distal tubules of the mammalian kidney, specificalty
3 amphibian urinary bladder epithelium.
During the past year we have successfully applied techniques for the microinjection of fluorescent
g dyes to this epithelium and demonstrated that the cells are coupled together and hence act as a
5 syncytium. Previous attempts by others to demonstrate this coupling using electrophysiological
; techniques had produced conflicting data, ' Indeed, the validity of using such techniques in this
: epithelium has been disputed.®
f These microinjection techniques, in conjunction with the scanning micropipette molecule
microscope, will now enable us to examine the role of intercellular communication in the hormonal
‘ response (by the microinjection of cAMP) and to begin to elucidate the various intracellular
" biochemical events that occur between hormone binding on the basolateral cell membrane and the
. increase in water permeability that occurs at the apical cell membrane, by microinjecting various :
A suspected intermediates such as the catalytic subunit of cAMP-dependent protein kinase. 1
v References '
1. W.R. Loewenstein, S.J. Socolar, S. Higashino, Y. Kanno, and N.Davidson, Science 149, 285
‘ (1965). ;
5 2. L. Reuss and A. Finn, J. Gen. Physiol. 84, 1 (1974). s
3. J.T. Higgins, B. Gebler and E. Fromter, Pfiiigers Arch. 371, 87 (1977). :
Publications !
) Jarrell, J.A., "Reversible CO,-induced Inhibition of Dye-Coupling in Necturus Gallbladder,"
4f
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Molecule Microscopy

Am. J. Physiol.: Cell Physiol. (in press).
Jarrell, J.A., C.A. Rabito, and J.G. King, "Applications of Intracellular Dye Injection and Mass
Spectrometry to the Study of Epithelial Transport,” in M.A. Dinno, T. Rozzell, and A. Callahan

(Eds.), Physical Methods in the Study of Cellular Biophysics (A.R. Liss, Co.), to be published.

1.4 Electrical Neutrality of Molecules

Francis L. Friedman Chair
Anthony P. French, John G. King

The present experimental upper limit on any departure from neutrality of molecules is
approximately 102" of one elementary charge. This can be interpreted as a limit on the
proton-electron charge difference, or on the charge on the neutron, or on some combination of
these. The occurrence of innumerable transformations involving both leptons and baryons, and our
long-standing belief in the conservation of electric charge as a fundamental law of nature, certainly
support the assumption of exact equality of charges of either sign on all elementary particles.
Nevertheless, the possibility that there might be some minute difference between electron and proton
charges is something that cannot be ruled out on the basis of any existing experimental evidence or
theoretical scheme, and its existence would have profound implications.

The fundamental interest of this question has led to a number of experiments by various
investigators. These experiments have involved three different approaches: (1) direct tests for any
net charge in a volume of gas released from a container; (2) tests for a charge on an isolated body
(analogous to the Millikan oil-drop experiment); (3) molecular-beam deflection experiments.

in 1973 King and Dyﬂa1 pioneered a new technique based on the fact that an electri« field, periodic
in time, applied to a homogeneous medium will excite acoustic waves at the same frequency if the
molecules of the medium are not completely neutral. (This is separable from any induced polarization
effects, which will occur at doubled frequency).

Using SF6 gas in a spherical container, with microphones in the walls to detect acoustic waves set
up by an oscillating voltage on a central electrode, King and Dylla were able to match the sensitivity
(~i part in 10?) of neutrality determinations by the three previous methods. There is reason to
believe that a well-designed experiment using a liquid medium instead of a gas might make it possible
to gain as many as six orders of magnitude in sensitivity in such measurements. We have done some
preliminary studies of matching of high-Q resonating microphones to cavities containing cryogenic
liquids with encouraging results. We also have modest funds to continue the work during 1983.

References
1. H. Dylla and J. King, Phys. Rev. A 7, 1224 (1973).
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A Prof. J.D. Joannopoulos, Dr. J. thm, D.-H.T. Lee
N Graduate Students
R Y. Bar-Yam, A.D. Stone
Ay
Y
o3 2.1 Excitations at Surfaces and Interfaces of Solids
e Joint Services Electronics Program (Contract DAAG29-80-C-0104)
o3 John D. Joannopoulos, Dung-HaiT. Lee, Alfred D. Stone
% Understanding the properties of surfaces of solids and the interactions of atoms and molecules

with surfaces has been of extreme importance, both from technological and academic points of view.
The recent advent of ultrahigh vacuum technology has made microscopic studies of
well-characterized surface systems possible. The way the atoms move to reduce the energy of the
:1 surface, the number of layers of atoms involved in this reduction, the electronic and vibrational states
3 that result from this movement, and the final symmetry of the surface layer are all of utmost
importance in arriving at a fundamental and microscopic understanding of the nature of clean

7 surfaces, chemisorption processes, and the initial stages of interface studies, both from the

é experimental and theoretical points of view, is simply the determination of the precise positions of the

N atoms on a surface. Currently, there are many surface geometries, even for elemental surfaces, that
remain extremely controversial,

The theoretical problems associated with these systems are quite complex. We are, however,
currently in the forefront of being able to solve for the properties of real surface systems (rather than

R W e
-4

B
i simpie mathematical models). In particular, we have recently developed a method of calculating the
T total ground-state energy of a surface system from "first principies” so that we may be able to
iy provide accurate theoretical predictions of surface geometries. Preliminary results of metal atoms
5%: deposited on a semiconductor surface look very promising. The first total energy map for an !
X interacting atom-surface system has been obtained. The map clearly illustrates possible 5
¥ chemisorption sites as well as specific migration or diffusion channels.
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Atomic Resonance and Scatiering

3. Atomic Resonance and Scattering

Academic and Research Staft
Prof. D. Kieppner, Prol. D.E. Pritchard, Dr. T. Ducas, Dr. D. Kelleher, Dr. A.M. Lyyra,
Dr. K.L. Saenger, Dr. W. Spencer, Dr. G. Vaidyanathan, Dr. X. Zhong
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Graduate Students
S. Atlas, L. Brewer, S.L. Dexheimer, C.W. Engelke, 7. Gentile, P.L. Gould, B.
Hughey, R.G. Hulet, M.M. Kash, P.D. Magill, A.L. Migdall, P.E. Moskowitz, W.P.
Moskowitz, T.P. Scott, N. Smith, B.A. Stewart, R.E. Walkup, G.R. Welch
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3.1 Rydberg Atoms in a Magnetic Field

National Science Foundation (Grant PHY79-09743)
Michael M. Kash, Daniel Kleppner, George R. Welch, Zhong Xubin

The general structure of atomic hydrogen in an arbitrarily strong magnetic field remains an k
unsolved problem of atomic physics. The Hamiltonian for hydrogen in a uniform magnetic field is '
known; the eigenstates are not. Theoretical research has yet to produce solutions which can
elucidate the atom’s behavior at all levels of excitation and field strength.

Highly excited, or Rydberg, atoms in laboratory-sized magnetic fields (about 10 Tesla) have strong
principal quantum number "mixing”. Even numerical solutions fail in this regime. Our studies
suggest, however, that there is an approximate dynamical symmetry. In principle, identifyirg this
symmetry provides a complete solution to the problem. The clue to the symmetry's existence is the
near crossing of energy levels of different principal quantum numbers for states of the same
azimuthal quantum number and parity. The "no-crossing theorem" implies that there must be a
constant of motion, or another observable which commutes with the Hamiltonian, at least in an
approximate fashion.

Is this suggestion of an approximate dynamical symmetry correct, or are these near crossings of
hydrogen’s energy levels in a magnetic field merely manifestations of the fundamental inadequacy of
the numerical methods? We hope to answer this question by experiment.

The immediate goal of our research is to map out the energy levels of a Rydberg atom in a strong
magnetic field in the region of a level crossing. The use of an atomic beam permits the measurement
of energy levels without the first-order Doppler shift because the beam moves parallel to the magnetic
field 80 that there is no electric field in the rest frame of the atom, and hence no motional Stark shift.
The experiment employs dye lasers provided by the M.I.T. Regional Laser Center. These lasers are
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Atomic Resonance and Scattering

actively stabilized and have a shori-term linewidth of about 5 MHz, permitting a relatively high
resolution experiment. (Previous experiments had over a 1000 MMz linewidth.)

The excitation scheme for producing lithium Rydberg atoms is 28— 3s via two photons of 735 nm,
and 38— ~40p via one photon of ~620 nm. This method produces odd parity Rydberg states. In the
presence of a magnetic field, only angular momentum states of the same parity are coupled by the
diamagnetic term in the Hamiltonian. The Rydberg states accessed in this experiment cannot contain
any zero angular momentum states. Consequently, they have minimum perturbation from the
non-hydrogenic core of lithium. (The residual level repulsion from the core penetration of the 40p
state is estimated to be 300 MHz.)

Detection of Rydberg atoms is accomplished by fieid ionization. The excited atoms drift into a
region of high electric field and are ionized. The electrons are detected with a surface barrier diode.

=

- | GHz
Figure 3-1: Two-Photon Resonance in Lithium

We have observed the initial state of excitation, two-photon 2s—3s transition. Atoms in the 3s state
spontaneously decay to the 2p state, emitting 813 nm photons, and then decay to the 2s state,
emitting 617 nm photons. The latter signal is collected by an optical fiber, and passed through an
interference filter which rejects the 735 nm laser light. The fluorescence is detected with a
photomuttiplier tube. Resuits are shown in Fig. 3-1. Both the 2%S, , and 375, ,, states possess
hyperfine structure. The scan width is 1 GHz. Knowing the ground state hyperfine splitting of "L,
803.5 MHz, yields a result for the 3%S, , hyperfine splitting of about 170 MH2. Most of the linewidth is
from the Doppler shift of the unapertured atomic beam.
Publications

Kieppner, D., M.G. Littman, and M.L. Zimmerman, "Rydberg Atoms in Strong Fields,"” in R.F.

Stebbings and F.B. Dunning (Eds.), Rydberq States of Atoms and Molecules, (Cambridge
University Press, 1962).
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' 3.2 Multiphoton lonization

National Science Foundation (Grant PHY79-09743)
National Bureau of Standards (Grant NB-8-NAHA-3017)
Lawrence R. Brewer, Fritz Buchinger, Daniel Kelleher, Daniel Kleppner

T R T i

Multiphoton ionization can occur whenever intense light interacts with matter. The study of
multiphoton ionization is an active area of contemporary research in optical physics because of its
intrinsic interest and because it often has dramatic experimental consequences. Theoretical interest
lies in understanding the breakdown of perturbation theory, the role of coherence in multiphoton
processes, and the restructuring of atomic states in intense fields. Experimental interest stems from
the rich variety of multiphoton processes that can be observed, and the challenge of executing well

? characterized experiments which can be compared in detail with theory. A significant theoretical
advance is the recent work by Reinhardt and his colleagues who have developed a non-perturbative
theory for multiphoton ionization of hydrogen.1 We have studied resonant four photon ionization of
hydrogen near threshold. The resonant process is the three photon excitation of the 1s-2p transition:
a fourth photon then ionizes the atom at threshold.

The experiment is carried out in an atomic beam. Hydrogen is provided by a liquid nitrogen cooled
tf dissociator. The atoms pass through an accommaodator which can be cooled to liquid helium
temperature. The system is pumped by a batfled oil diffusion pump.

Photoionization occurs by absorption of four identical photons at a wavelength near 364.6 nm. Our
system employs a tunable dye laser-amplifier near 554.6 nm, which is pumped by a Nd:YAG laser. 50
mJ is produced in a 5 nsec pulse at a repetition rate of 10 pps. This pulse is mixed with a 150 mJ
pulse at 1060 nm (the Nd:TAG fundamental), providing 15 mJ at 364.6 nm. The dye laser frequency is
monitored with an lodine absorption cell.

The photoions are swept out by a pair of field plates and collected by a linear electron multiplier.
The signal is integrated, digitized, and stored in a computer. :

Fig. 3-2 shows lineshapes for the process we are studying as calculated by the methods of Ref. 1.
Two features are conspicuous: as the laser power increases, the line center shifts to the blue of the
threshold frequency for ionization, and the line broadens. We have observed both of the features in
our data. We have recently obtained our first results using muitimode laser light. Data is shown in
Fig. 3-3. The signal to noise ratio is high and the change in shape of the photoionization curve with
increasing laser power is marked.

References

1. C.R. Holt, M.G. Raymer, and W.P. Reinhardt, Phys. Rev. A 27, 2871 (1983).
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Figure 3-2: The cross section for 4 photon ionization of atomic hydrogen

:f as calculated by Reinhardt for a single frequency laser. To

K facilitate comparison, the cross section has been divided by I°

¥ As the intensity increases, the peaks shift to the blue and

? become broader.
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3.3 Atoms in "Circular" States

:’ Joint Services Electronics Program (Contract DAAG29-80-C-0104)

National Science Foundation (Grant PHY82-10486)

; U.S. Navy - Office of Naval Research (Contract NO0014-79-C-0183)

Randall G. Hulet, Daniel Kieppner

: We have produced a population of atoms in Rydberg states with |m| = n- 1, where m and n are the
; magnetic and principal quantum numbers respectively. We refer to these states as “circular”
;5 because in the classical limit they describe an electron in a circular orbit. Atoms in circular states

poesess a number of useful and interesting properties: among all the states with a given principal
¥ quantum number, they have the largest magnetic moment, smallest Stark effect and longest radiative
lifetime. Their collision cross sections are expected to be highly anisotropic. Only one transition is
available for spontaneous emission (n — n-1; |m| — |m| - 1), allowing them to serve as useful
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Atomic Resonance and Scattering

4 PHOTON IONIZATION OF H
(EXPERIMENTAL) '
< \P
5I°

SIGNAL (ARB. UNITS)

3649.7 3645.9 3646.2 3646.5 3646.7 3647.0 647.2
LASER WAVELENGTH IN ANGSTROMS

Figure 3-3: lonization profiles produced by laser intensity I° and at five
times that intensity 51°. As the laser. intensity is increased, the
ionization profile becomes broad and asymetric and is shifted to
the blue of threshold.

approximations to two level systems. For these reasons, and others, the circular states are
particularly attractive for high precision Rydberg state spectroscopy.

We have developed a simple method for transferring a population of atoms in a low-m Rydberg
state to a circular state, with essentially 100% efficiency. The atoms are transferred by a series of
adiabatic rapid passages induced by a microwave field and an electric field which decreases linearly
with time. Each adiabatic rapid passage causes |m| to increase by 1; the process terminates when the
atom reaches the circular state. We have demonstrated the method with lithium, n = 19, but for ease
of explanation we shall consider hydrogen, n = 4, neglecting electron and nuclear spin.

The energy of hydrogen (in cm’) in an electric field F is given to first order by
Wa -(1/2n? -3nF(n, - n,))R, where n, and n, are the parabolic quantum numbers (n, +n, + [m|+1
= n). Ris the Rydberg constant, and F is in atomic units, 5.14 x 10°v/cm. The energy levels for n =
4 are shown in Fig. 3-4a. Initially, the lowest |m| = O state is populated: |m| = 0, n, = 0. A series of
transitions satisfying Ajm| = 1, An1 = 0 is induced by adiabatic rapid passages, as indicated by the
heavy arrows. Because of the second order Stark effect (not shown in Fig. 3-4a), the transitions
occur consecutively in time.
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Atomic Resonance and Scattering

To further illustrate the process, the energy levels for the n, = 0 states are shown in Fig. 3-4b with
the second order Stark effect W, included and exaggerated for clarity. The microwave frequency is
slightly below the resonance frequency for the initial transition |m| = 0 — 1. As the field decreases,
the transitions are consecutively encountered as shown in Fig. 3-4b.
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Figure 3-4: Schematic diagram of the excitation process, illustrated with
hydrogen, n = 4. a) (above) Energy levels in an electric field,
neglecting the second order Stark effect. The bold arrows show
the excitation path used to populate the circular state, jm| = 3;
the light arrows show an alternative excitation route; the dashed
arrows show "leakage” transitions which must be avoided. b)
(below) The progression of n, = O leveis in a decreasing field,
with the second order Stark effect exaggerated for clarity. An
adiabatic rapid transition can occur whenever the energy level
geparation passes through resonance with the microwave
frequency ». Because of the second order Stark effect theee
transitions occur successively, "stepping” the population along
the route shown in a), above.

The experiment empioyed the n = 18 manifold of lithium. An atomic beam was used and the

Rydberg state was populated by two-step pulsed excitation: 2%S, , — 2°P,,, (671 nm) and
2°p,,, — Rydberg (~354 nm). An electric field was applied using copper field plates which were
carefully spaced 6.9 mm apart. lons were collected through a grid drilled in the lower plate over a

length of 20 mm.
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_fe" The atoms were excited by 5 ns laser pulses in a field of 830 V/cm. The microwave power was
) tumed on and the field was linearly decreased to 806 V/cm during a 5 us period. The first transition
(jm| = 2—3) occurred at 824 V/cm; the last (jm| = 17—18) occurred at 810 V/cm. The microwave
e power was turned off and the atomic population analyzed by field ionization. The field was abruptly
,i switched to 4.4 kV/cm and then ramped to 5.9 kV/cm over a 2.5 us period. During this period |m|
3l states which ionize at progressively higher fields were successively detected and recorded by a
" transient analyzer.
q | P
‘ (a)
|
Imi=i8
-
, - {¢)
5 9
$ "' Imi= 17,18
¥ |
£ (o)
% imis1?
:
;; — (a}
. b
k Imts2 ]
!‘ L
n L
A .
. S |
o | 2 3 4 '
. TIME ( us) 4
\ Figure 3-5: Distribution of population in lithium for various values of |m| as \
2 revealed by selective field ionization. Statesaren = 19, n, =0 '
X The ionization field increases with time. The ionization }
? thresholds occur in increasing fields as |m| increases. a) jm| = 2
A states initially populated by laser excitation in a field of 830 ]
vem''. The signal is clipped due to saturation of the detector.
Y The small peak to the left is due to |m| = 0 atoms. The small }
; peak to the right is due to |m| = 2 atoms which ionize ]
hydrogenically. The |m| = 2 peak occurs at approximately
4.5kvem’'. b) Same as a), but with the adiabatic rapid passage
r field ramp on for atime r = 4us. The |m| = 2 population has
p been transferred predommantly to |m| = 17. ¢) r_ increased:
g ionization signals for |m| = 17 and 18 are both visible. d) 7__ >
9 45, ps. The |m| = 18 circular states is populated. No fun?or
[ change in the ionization signal occurs with increasing T The
ionizing field is approximately 5.9 kVem _ T
:
4
;‘
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Atomic Resonance and Scattering

Experimental results are shown in Fig. 3-5. To demonstrate the progression of the population
transfer, the "on" time of the rapid passage field ramp and of the microwave power, was successively
increased. In curve a, < 1 us, no transitions have occurred and the initial states, n = 19, |m| =2, are
displayed. Because of the laser linewidth (0.1 cm™), and power broadening effects, an m = O state is
also excited; its ionization signal occurs at the lowest field The |m| = 2 states appear as a well
resoived peak shortly thereafter.

As the time 7 is increased, the ionization signal moves to longer times, indicating that the atoms are
being transferred to higher |m| states as shown in curves b and ¢. The ionization signal from adjacent
|m| states overlap in this region, but as higher values of |m| are reached, the signals start to be
resolved. Finally, as shown in curve d, for 7 > 4.5 us, the circular state, |m| = 18, is populated. No
turther changes occur with increasing . The signals are in good agreement with ionization rate
calculations.

3.4 Laser Induced Fluorescence Study of NaAr

National Science Foundation (Grant CHE79-02967-A04)
Walter P. Lapatovich, A. Marjatta Lyyra, Philip E. Moskowitz, Mark D. Havey, David E. Pritchard

Van der Waal molecules are interesting from the standpoint of molecular physics because they are
so different from ionic and covalent molecules. Not only are the potentials weaker by a factor of
100-1000 and the interatomic separations correspondingly larger, but the spectra contain information
from a wider range of internuclear separations. For instance, levels up to dissociation are often
thermally populated.

The study of NaAr represents a situation where most of the observed vibrational levels in the
excited states (A’l1, and B?Z* from the Na 3p atomic limit) are <15% from the dissociation limit.
Long range analysis has been utilized extensively to predict unobserved vibrational levels and their
deperturbed rotational constants as well as potential parameters for the above'mentioned electronic
states. Several perturbations close to the A’[_ , dissociation limit have been observed and
analyzed. The observation of highly excited vibrational leveis of the A"rlr state also enabled us to
determine the ground state well depth from long range analysis.

The NaAr study together with our earlier work on NaNe' represent the state of the art in diatomic
van der Waals molecular spectroscopy and provide the most accurate determination of the potentials

experimentally possible.




Atomic Resonance and Scattering

References

1. R.A. Gottscho, R. Ahmad-Bitar, W. Lapatovich, |. Renhorn, and D.E. Pritchard, J. Chem. Phys. 75,
2546-2559 (1981).

2. W.P. Lapatovich, R. Ahmad-Bitar, P.E. Moskowitz, |. Renhorn, R.A. Gottscho, and D.E. Pritchard,
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3.5 Vibrationally Inelastic Collisions

U.S. Air Force - Office of Scientific Research (Contract AFOSR-81-0067)

National Science Foundation (Grant CHE79-02967-A04)

Susan L. Dexheimer, Charles W.Engelke, Peter D. Magill, Katherine L. Saenger, Neil Smith,
David E. Pritchard

During the past few years we have developed a general picture of Rotationally Inelastic (RI)
Collisions involving both theoretical and experimental advances. We have shown that the hundreds
of measured rate constants describing these collisions can be reproduced to within 10% by simple
analytic expressions containing 3 to 4 fitting parameters and that the qualitative behavior of these rate
constants is easily explained in terms of simple dynamical ideas.

The more complete understanding of collision induced energy transfer that we desire, however,
requires study of Vibrationally-Rotationally Inelastic (VRI) processes. The increased complexity of
VRI collisions (they involve a change in both vibrational and rotational quantum numbers) makes
them more interesting to examine but more challenging to explain with the simplicity that worked so
well for pure RI collisions. Previous theoretical treatments have been hampered by the lack of high
quality experimental data and are inadequate due to their neglect of rotation.

During this past year we have started to measure level to level rate constants kv_.__'i.v for Li;—rare
gas atom systems. Our preliminary results for Xe are shown in Fig. 3-6 where we have plotted
kv v versus j, for v, = 4, AV = -3and j; = 14, 28, 44. With increasing j- there is both a dramatic
increase in the magnitudes of the rate constants and a narrowing of their distribution in jp Nothing
like this has been observed previously. These are important clues to the significant role of rotation in

vibrational energy transfer.

3.6 Diffraction of Sodium Atoms by a Standing Wave Laser Field

National Science Foundation (Grant CHE79-02967-A04)
Philip E. Moskowitz, Phillip L. Gould, Susan Atlas, David E. Pritchard

PP,

Perhaps the most important problem which has arisen in ator_nic physics as a result of the laser
concerns effects of intense optical radiation on simpie atomic systems. The momentum transferred to
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atoms by a standing wave optical frequency field is a central question in this arena because the force
on the atoms is simply the spatial gradient of the energy of the combined atom-field system—the
"dressed” atom. A study of atoms scattered by a perpendicularly oriented standing wave field is a
study of the basic induced dipole interaction between atoms and optical frequency lields.
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in revealing the nature of the interaction of intense radiation fields on atomic systems, our
experiment resolves a controversy apparent in the many relevant theoretical publications of the last
few years. In contrast to two previous experimental efforts'2 which have been inconclusive, we have
constructed a supersonic beam machine with the momentum resolution of a single photon (p,{ = hk),
and an atom-field interaction time of the order of the spontaneous lifetime of the sodium 3S, ,—
3P, , transition. The single frequency dye laser is tuned near resonance with this transition, one of
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Atomic Resonance and Scattering

the so—-called sodium "D-lines”. This, and a state-of-the-art neutral atom detector, has enabled us to
display phenomena previously unobserved: a symmetric splitting of the atomic beam and a periodic
modulation of 2k in the momentum distribution (Fig. 3-7).

The observed magnitude of the splitting as a function of the field strength has enabled us to apply
certain semiclassical theories® to our data with success. We have also explained the periodic
modulation as originating from an adiabatic interaction of the atom with the field, and have called this
diffraction.

References
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2. V.A. Grinchuk, E.F. Kuzin, M.L.. Nagaeva, G.A. Ryabenko, A.P. Kazantsev, G.l. Surdutovich, and
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3.7 A Search for Radiative Transitions in Atom-Molecule
Systems

Joint Services Electronics Program (Contract DAAG29-83-K-0003)
Alan L. Migdall, Robert E. Walkup, David E. Pritchard

A new transition mechanism has been proposed"3 as a generally useful spectroscopic tool with
specific applications to producing population in otherwise optically inaccessible molecular states.
The process consists of an atom and a molecule during a collision acting as a quasi-molecule that
makes a single photon radiative transition that leaves the atom in a new electronic state while the
molecule changes its vibration and/or rotation state.

We have developed guidelines for choosing a system in which to best observe such a transition.
Using these guidelines we chose two optimal systems to study. Our experimental measurements on
these systems showed that even under these favorable conditions radiative collisions are difficult to
observe. This observation, along with our guidelines, leads us to conclude that this type of radiative
process will not have the general applicability that has been suggested.

References

1. P. Hering and Y. Rabin, Chem. Phys. Lett. 77, 506 (1981).
2. J. Lukasik and S. Wallace, Phys. Rev. Lett. 47, 240 (1881).
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Atomic Resonance and Scattering

3.8 Rotationally Inelastic Collisions

U.S. Air Force - Office of Scientific Research (Contract AFOSR-81-0067)
Timothy A. Brunner, Neil Smith, Thomas P. Scott, David E. Pritchard

We have completed and published a comprehensive review' of the theory and application of the
several scaling and fitting laws for Rotationally Inelastic (Rl) collisions which we developed under
AFOSR support. The review will serve as a guide for allowing broader application of this approach by
other members in the field.

We have shown? that a classical limit impulsive calculation can allow analytic evalution of the Rl
basis rate constantk ,_,, which predicts the power-law dependence k p_, < [£( £+ )], This
provides simple theoretical support for this previously observed empirical observation which has been
shown' to give good agreement with experimental and theoretical results in a large variety of Rl

colligion systems.

We have completed measurements and preliminary analysiss of the relative velocity dependence of
Rl cross-sections in Li;(A'z) - Xe. These cross-sections show an unusually strong dependence on
velocity. Calculations using classical trajectory methods are presently underway to predict the
experimental results, and thus gain information on the previously unknown Lij - Xe interaction

potential.
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4. Reaction Dynamics at Semiconductor Surfaces

Academic and Research Staff
Prof. S.T. Ceyer

Graduate Students
J.D. Beckerle, M.B. Lee, M. McGonigal, J. Simonson, S.L. Tang

Sylvia T. Ceyer

The mechanism of the reactions of a gaseous species such as F, with a semiconductor surface
such as Si is complex. The mechanism may involve several processes, including the adsorption of
the molecule on the semiconductor surface, dissociation of the adsorbed molecule, diffusion of the
dissociated species to a reactive site, reaction with the surface, and then desorption of the product
molecule. The purpose of this research is to study the dynamics of the first two processes, the
adsorption and dissociation of a molecule incident on a surface. We would like to understand how a
molecule falls apart on a surface. For example, does the molecule first adsorb and then diffuse to a
reactive site and then dissociate or are the dissociation and adsorption processes concerted? What
feature of the potential energy surface of the molecule-surtace interaction dictates which dynamics
occur? Variation of the energy of the incident molecule is a convenient probe of these dominant
features of the interaction potential because the dynamics and hence the observed dissociation
probability depend strongly on the incident energy relative to the interaction potential.

However, studies of the effect of the energy of the incident molecule on the dissociation probability
are virtually nonexistent because most surface studies are undertaken after adsorption of ambient
molecules. This implies that molecules strike the surface from all directions and with energies
characterized by a 300 K Maxwell-Boltzmann distribution. We have just begun to design and build an
apparatus to investigate the effect of the incident energy on the probability of dissociative adsorption.
This apparatus employs molecular-beam techniques to define and control the energy of the incident
molecule (up to 50 kcal/mole and 10 kcal/mole translational and internal excitations, respectively).
The presence and amount of dissociation are detected sensitively (> 0.1% of a monolayer) by
high-resolution electron-energy-loss spectroscopy, a vibrational spectroscopy. These fundamental
studies on the effect of a molecule's incident energy on dissociative adsorption are important
because of the unknown chemistry these "hot" neutral molecules carry out during the plasma etching
of semiconductors, where translationally and internally excited molecules are produced by numerous
collisions with fast ions and electrons. The long-range goal of this research is to provide
far-reaching correlations between the observed dynamics and the potential energy surfaces on which
molecule-surface reactions occur.
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5. X-Ray Diffuse Scattering
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Academic and Research Staff
Prof. R.J. Birgeneau, Prof. J. Akimitsu, Dr. A.R. Kortan, Dr. M. Sutton
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P.A. Heiney, H. Hong, L.J. Martinez-Miranda, S.G.J. Mochrie, B.M. Ocko, E. Specht

Y, Joint Services Electronics Program (Contracts DAAG29-80-C-0104 and DAAG29-81-K-0029)
Robert J. Birgeneau

} in this research program, modern x-ray scattering techniques are used to study the structures and

phase transitions in novel states of condensed matter. We have two principal experimental facilities.
At M.L.T. we have three high-resolution computer controlled x-ray spectrometers using either a
conventional or high intensity rotating anode x-ray generatcr. The angular resolution can be made
as fine as 1.8 seconds of arc; this enables one to probe the development of order from distances of
the order of the x-ray wavelength, ~1 &, up to 30,000 A. The sample temperature may be varied
between 2 K and 500 K with a relative accuracy of 2 x 109K. We are currently installing a two
spectrometer system at the National Synchrotron Light Source at Brookhaven National Laboratory.
This makes possible high resolution scattering experiments with a flux more than three orders of
magnitude larger than that from a rotating anode x-ray generator. This opens up a new generation of
experiments. Synchrotron x-ray scattering experiments are also carried out on a wiggler beam line at
5 the Stanford Synchrotron Radiation Laboratory.

. p® S N J.‘;._l:

L1000

As part of this JSEP program we are designing and building an x-ray compatible high vacuum
single crystal surface apparatus. This will enable us to use synchrotron radiation to study the
structure and transitions occurring at single surfaces. The possibilities with this seem virtually
unlimited. Our current experiments in this program are concentrated in two areas: (i) the growth,
structure, and phase transitions of intercalant materials, most especially bromine-intercalated
graphite, (i) the structure and phase transitions of smectic liquid crystals.

it Sty
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g el PN,

5.1 Intercalation Compound Structures and Transitions

intercalation compounds represent a family of materials in which a foreign species (e.g. Br,‘,) is
inserted between the layers of a lamellar material such as graphite. If the intercalant enters every nth
layer then the resultant material is referred to as a stage-n intercalation compound. We have initiated
a program to study "in-gitu"”, using high resolution x-ray sc‘attering techniques, both the intercalation
process itself and the structure and transitions of the intercalation compound as a function of
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X-Ray Diffuse Scattering

temperature, concentration, and stage index. Our initial work has concentrated on the system

bromine-intercalated graphite C, Br,."?

The intercalate plane is found to have three sublattices and each sublattice has a centered
(w/? x 7) rectangular structure with four Brz molecules per 2D unit cell in the commensurate phase.
The coherently ordered in-plane bromine regions exceed 10,000 R in size. In the stage-4 material a
commensurate-incommensurate (CIT) transition is observed at 34220 = 0.05°K. In the
incommensurate phase, a stripe domain pattern becomes established in a single domain of a
sublattice along the 7-fold direction. The incommensurability as a function of reduced temperature
exhibits power law behavior with an exponent of 0.50 + 0.02 confirming existing theories. The
relative shifts observed for the various harmonics are accurately predicted by a sharp domain wall
with 49/7 phase shifts. A power-law lineshape reflecting the lack of true long range order is
observed for the incommensurate intercalant layer, yielding values for the exponent 7 consistent with
model calculations. The intercalate layer exhibits a continuous melting transition from a
two—dimensional solid phase to a smectic liquid crystal phase, occurring at 373.41 £+ 0.10°K for a
stage-4 compound.

We are continuing these detailed studies for lower stage material; we have also carried out some
initial experiments on graphite intercalated with potassium and mercury. This system exhibits
superconductivity at 1 K and thus is of particular interest.

5.2 Smectic Liquid Crystals

Liquid crystals are made up of rod-like molecules. In the nematic phase the axes of the molecules
align parallel to each other but the centers of mass of the molecules are still randomly distributed so
that one has a pure fluid structure factor. In the smectic A and C phases a one-dimensional
sinusoidal density wave is set up either along (A) or at an angle (C) to the molecular axis. Thus, these
smectics are like solids in one direction and fluids in the other two. These systems exhibit particularly
interesting phase transitions which present an important challenge to modern theories of critical
phenomena. At lower temperatures many liquid crystal materials exhibit more ordered phases such
as smectic B, F, and G. These have well-developed in-plane triangular order. If the order is truly long
range then the phase is a plastic crystal. Otherwise, the smectic may be a realization of a novel phase
of matter labelled a "stacked hexatic" with long range order in the crystalline axes but only short
range order in the positions of the molecules. We have recently studied in some detail the smectic
phases and phase transitions in two related materials, heptyloxybenzylidene-heptylaniline (70.7)3 and
butyloxybenzilidene-heptylaniline (40.7).4

Our work in 70.7 has concentrated primarily on the B-phase. We have carried out an x-ray
diffraction study using both rotating anode and synchrotron sources of structures and restacking
transitions within the B phases. The system evolves from a hexagonal close-packed structure,
through intermediate orthorhombic and monoclinic phases, to a simple hexagonal structure. The
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X-Ray Diffuse Scattering

monoclinic phase has a temperature-dependent shear which transforms the system from
orthorhombic to hexagonal. The latter three phrases exhibit a single-_q’ sinusoidal modulation of the
molecular layers. The sinusoidal modulation is believed to represent a precursor to the tiited (G)
phase at lower temperatures. This behavior is much richer than anyone had previously considered
possible within the B-phase. The experiments demonstrate most clearly that there is need for a
significant development of theories for the structures of quasi-2D molecular solids.

30e ' CEOAGAREENERA, b

in 40.7 we have carried out an encyclopaedic study of all of the liquid crystal phases and phase
transitions. Here we emphasize our results for the smectic A - smectic C transition. This is a second
order transition in which the molecular axis spontaneously tilts with respect to the density wave
direction. This transition would appear to be the simplest liquid crystal phase change; in spite of that,
it has been the subject of considerable controversy in the literature.

In our previous JSEP work we have argued, using a Landau theory and the Ginzburg criterion, that
A-C transitions should exhibit mean field behavior over the temperature range accessible by current
experimental techniques. However, if interpreted naively, recent measurements in two materials,
butyloxybenzylidene-heptylaniline (40.7) and azoxy-4, 4'-di-undecyl-a-methyicinnimate (AMC-11),
seem to contradict this prediction. Specifically, over the reduced range 5 x 102 to 5 x 105 in both
cases the tilt follows a power law with 820.36; that is, these materials seem to exhibit helium-like
critical behavior. By carrying out order parameter, heat capacity and light scattering measurements
we have found that the data are uniquely described by mean field theory with an unusually large sixth
order term. The measured 8 = .36 thus represents a crossover from 8 = % to % regimes
demonstrating that the original Ginzburg criterion arguments are correct. We do not, however, have
a plausible microscopic explanation for the large sixth order term.
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6. Phase Transitions in Chemisorbed Systems
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Graduate Students
D. Andeiman, R.G. Caflisch, M. Kardar, S.R. McKay

..] Undergraduate Students
- R.E. Goldstein, R.J. Lenk

N“ Surfaces and interfaces abound in our physical environment, and as systems which are low
_' dimensional and therefore fluctuation dominated, embody fundamental problems of many-body
2 physics. Our research group is studying a variety of low—dimensional and fluctuation-dominated
B systems. Such studies start with microscopic descriptions, such as the interactions of an overlayer in ,
\t the presence of a constraining substrate, or the configuration energies and entropies of a helix-coil \
! % polymer immersed in an electrolyte. The eventual outcome is macroscopic, measured or measurable
;'E properties. Another important outcome is the understanding of mechanisms generic to many-body
—- physics.
;:}' Through the discovery and development of the renormalization-group method, extraordinary
'_::1. advance has been achieved in recent years in phase transitions and critical phenomena. This
' approach successfully deals with a large number of coupled degrees of freedom in a stepwise
manner, by thinning out a fraction of the degrees of freedom, and repeating this operation over and
"' over. Thus, our program utilizes the renormalization-group method, but also any other theoretical
tool as may be necessary. Important technical advances have been achieved in this respect.
&
S
v 6.1 Oxygen on Nickel and other Chemisorption Phase Diagrams
2
‘ ‘f Joint Servicas Electronics Program (Contract DAAG29-80-C-0104)
2 Robert G. Catlisch, A. Nihat Berker
!
. Epitaxial adsorption onto a square substrate is studied with a Hamiltonian including
< nearest-neighbor exclusion, second and third-neighbor pair and trio interactions. The resulting
4 phase diagrams’ exhibit 2x2, v'2xv'2, and 2x1 ordered phases and a disordered phase. Thus, all
ﬁ three ordered structures observed with oxygen on nickel (100) are obtained for the first time within
- the same phase diagram in the coverage and temperature variables. The 2x1 phase has an important
N entropy content and appears only at intermediate temperatures. Simple ground-state energy analysis
3
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Phase Transitions in Chemisorbed Systems

or classical mean-field calculations, therefore, completely miss this phase. Other cross-sections of
our global phase diagram should be applicable to chemisorbates such as oxygen, sulfur, selenium, or
tellurium, on substrates such as nickel, copper, tungsten, or platinum (100). First- and second-order
phase boundaries are evaluated, punctuated by tricritical, critical-end, bicritical, and tetracritical
points. Reentrant tricriticality is found, yielding closed-loop coexistence regions. The possibility of
two distinct 2x2 phases, with uniaxial order or a novel biaxial order, is raised for the first time. We use
a Migdal-Kadanoff approximation on a cell system, with renormalization-group flows in sixteen
energy levels.

In a separate work? in collaboration with Prof. J.D. Joannopoulos’ group, total-energy ground state
calculations are combined with renormalization~group analysis to predict the surface reconstruction
of Si (100).

6.2 Commensurate-Incommensurate Phase Transitions, Domain
Walls, and Helicity in Two-Dimensional Systems

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
Mehran Kardar, A. Nihat Berker

Upon increased adsorption, registered overlayers become incommensurate with their substrate by
forming high~density domain walls, which results in interactions (between domains) of a helical
character. For this phenomenon, we introduced the helical Potts model, which successfully
reproduced several experimental observations with krypton on graphite, from Prof. Birgeneau's
group, and with krypton and deuterium coadsorbed on graphite. A g-state generalization of this
model has been studied on the square lattice.3 At low temperatures, this model can be mapped onto
the six-vertex model of Baxter in direct fields. This mapping indicates the presence of a modulated
incommensurate phase. This phase exhibits a virtual ordering, in the sense that the correlations over
large separations neither go to a non-zero constant, as in a truly ordered phase, nor do they decay
exponentially to zero, as in a disordered phase. Instead, a weak algebraic decay of correlations
occurs, with a critical exponent 7 = 2/q2 at low temperature. A Lifshitz-like multicritical point is
located where the registered, modulated, and disordered phases meet.

6.3 Multicritical Phenomena in Cubic Symmetry Systems

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
Robert G. Caflisch, Daniel Blankschtein

Phase transitions which are predicted to be first-order by the classical Landau theory can in fact be
driven second-order by critical fluctuations. This fluctuation-induced criticality occurs in cubic
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i
?’ systems which are almost tricritical. Application of symmetry-breaking perturbations suppresses
" fluctuations and may restore first-order behavior via tricritical points. We are currently studying the

eftect of off-diagonal, quadratic symmetry-breaking perturbations on cubic systems undergoing
?’; fluctuation-induced transitions. We expect a wide variety of bicritical and tetracritical-like phase

diagrams, also featuring tricritical, critical and critical-end points. Our approach combines
i | mean-field theory, large-anisotropy expansion, and renormalization—-group analysis. The relevance
of cubic models to oxygen chemisorbed on nickel (111) has been noted by other workers. The cubic
phase diagrams may also be realizable experimentally by applying uniaxial stresses or magnetic fieids
: ™ to systems exhibiting structural or magnetic phase transitions, such as KMnFs. RbCan, BaTiOs.
2‘ ‘ MnO, TbP, etc.
¥,

6.4 Crossover to Equivalent-Neighbor Multicritical Behavior

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
- Mehran Kardar, A. Nihat Berker

b1 Exact solutions of models of many-body systems, though difficult to achieve, are of crucial
2 importance to our understanding of physical phase transition phenomena. Our recently introduced
central-limit minimization method, based on a new statistical mechanical proof, yields new classes of
exactly solvable Hamiltonians. Using this method, systems with both short- and long-range
interactions are solved exactly.4 Such situations could occur, for example, in chemisorption or
surface reconstruction systems with short-range covalent bond formation and long-range dipolar
couplings. Crossover from fluctuation-dominated to mean-field criticality is described in arbitrary
spatial dimension. Phase diagrams are derived, with lines of classical and non-classical
second-order transitions and first-order transitions, meeting at multicritical points and exhibiting new
types of critical behavior.

6.5 Hydrogen-Bonding and Helix-Coil Transformations

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
Raymond E. Goldstein, A. Nihat Berker

t,

The conformational changes undergone by certain biological macromolecules, such as

- poly-y-benzyl-L-glutamate in ethylene dichloride + dichloroacetic acid, are proposed to arise from
"‘ the same interplay of energy versus entropy that causes lower critical-solution points in liquid
| mixtures, which have been studied extensively in this group. In these mixtures, hydrogen bonds
W between uniike molecules are responsible for the reappearance of a miscible (substitionally
ig" long-range disordered) phase below a lower critical temperature, but concurrently with increased
;‘: short-range orientational order, so that entropy is decreased according to the third law. This results
4

S
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Phase Transitions in Chemisorbed Systems

in closed-loop coexistence regions. Note that we have also predicted closed-loop coexistence
regions in chemisorbed systems. In certain macromolecular solutions, an ordered helical state
evolves into a random-coil state with decreasing temperature. This reversal from the expected
ordering trend is explained by associating to the polymer-solvent hydrogen bonds, the role played by
unlike-molecule bonds in liquid mixtures. A Potts model is used to carry out the statistical mechanics
of these macromolecular solutions. Experiments to clarify the relationship outlined above are

proposed.

6.6 Improved Renormalization-Group Transformations

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
David Andelman, Raymond E. Goldstein, James S. Walker, A. Nihat Berker

In its rapid evolution to an everyday calculational tool, the renormalization-group method
incorporates correlated fluctuations, but yet has become more amenable than classical approaches
to many problems. This is certainly the case, for example, for the calculation of the multicritical,
multistructure phase diagrams of chemisorbed systems described above. One approach which we
have introduced is to map, by a so-called prefacing transformation, a system with complicated
further-neighbor interactions onto one with complicated local degrees of freedom coupled by
nearest-neighbor interactions, and readily renormalizable. This renormalization is most easily done
by a Migdal-Kadanoff procedure. We have also investigated replacing the ad hoc bond-moving
prescription of this approximation by a systematic procedure. The free energy is required to be
preserved by matching perturbative series expansions. The approach is characterized by a small
parameter, and can be order-by-order extended. A significant improvement is obtained over the
standard Migdal-Kadanoff calculation, with little increased effort. A detailed application to g-state
Potts models in two and three dimensions has been presented."s'6 in a most recent development, the
bond-moving procedure is fixed by an exact finite-lattice calculation. The resulting
renormalization-group transformation is applied to infinite, thermodynamic systems. This new
method is most promiging in that it produces quantitative results for three-dimensional systems.

References
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K
E 7.1 Picosecond Optical Signal-Sampling Device
3 National Science Foundation (Grant DARB0-08752)
2 Hermann A. Haus
The goal of the research is to develop prototype optical waveguide devices that aperate at rates of +
s many tens of Gigahertz. Such devices can be driven either electrically, by microwave oscillators, or 4
wﬁ optically. Examples of the former devices are samplers, multiplexers and demultiplexers. Examples \
:: of the latter are optical logic gates described in Section 7.3. In contrast to work done elsewhere with )
" broadband microwave drive circuits,”® we have concentrated on narrowband microwave circuits, °
2 because they permit operation with lower drive powers. We have constructed a waveguide Mach
! Z2ehnder interferometer in LiNbO3 with Ti indiffused waveguides that functions as a sampler 4
% producing samples of 16 ps FWHM of an optical waveform at 20 GHz when driven with a 10 GHz A
sinewave. Preliminary results pointed toward microwave enhanced photo-refractive effects which led ]
) to gradual deterioration of device performance. A new structure with electrodes deposited on top of a |
j SiO2 layer on top of the LiNbOa greatly reduced these photorefractive effects. The device ’
! performance was verified by measurement of the optical spectrum* because direct detection of the ‘
samples by second harmonic generation is not possible due to the low optical powers used to avoid ]
N photorefractive damage. The next steps to be pursued are: i
(a) Construction of symmetric microwave drive structure, to be driven push-pull. Such a structure 1
e reduces further the effect of the microwave enhanced photo-refractive effect because it tends to ;
53 symmetrize the index changes in the Mach Zehnder interferometer. Symmetric index changes do not d
; affect device performance. 1
b .
,‘ (b) Construction of two interferometers in cascade. Two interferometers driven in cascade
X
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Optics and Quantum Electronics

produce as their output the product response. A phase shift ¢ of the microwave drive at frequency
w» @ = w7, inthe second interferometer with respect to the first one, traces out the autocorrelation
function T(r) T(t 7) of the optical intensity response function T(t).

(c) Construction of a (multiplexer) demultiplexer by replacing the (input) (output) Y of the
interferometer by a 3 db waveguide coupler.

The fabrication of the interferometers is carried out at the M.L.T. Lincoln Laboratory in
collaboration with Dr. F.J. Leonberger.
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Modulator,” IEEE J. Quant. Electron. QE-14, 6, 394 (1978).

4. L.Molter-Orr and H.A. Haus, "20 GHz Optical Waveguide Sampler,” IEEE J. Quant. Electron.,
accepted for publication.

7.2 Devices for High-Rate Optical Communications

National Science Foundation (Grant ECS79-19475)
Clifton G. Fonstad, Hermann A. Haus

(a) Monolithic Mode-Lock '~ Lasers

By active mode-locking a diode laser it is possible to produce optical pulses of under 5
picoseconds duration at repetition rates exceeding 100 per second. Such puise trains used with
high frequency guided wave optics components like those'discussed in the following section could
form the basis of fiber optical communications systems with data rates in excess of 100 G/s. Existing
lasers, however, are mode-locked in an external cavity and the associated mirrors, lenses,
positioners, and optical bench are far too cumbersome to be useful outside the laboratory. We are
consequently studying very long, non-uniformly excited diode lasers which we expect to be able to
mode-lock without the use of an external cavity.

Lasers with multiple segment contacts each 600 um long are being fabricated. A four-segment
laser is 2.4 pm long and is expected to mode-lock at approximately 12.5 GHz; a three-segment laser
at 17 GHz.

The initial long lasers fabricated were oxide-defined stripe contact (Ga, Al) As/GaAs double
heterojunction laser diodes. Measurements on these devices, however, showed that even 600 pm
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long diodes were actually only operating as super-radiant diodes and showed no evidence for cavity
resonances. Consequently, it was determined that a laser structure having built-in guiding and lower
spontaneous emission background would be required.
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Such lasers were obtained through A. Ceruzzi of Laser Diode Laboratories in the form of Gaussian
channelled-substrate planar (GCSP) wafers. These were fabricated into one, two, three, and four
segment devices which have subsequently shown laser operation at all lengths. To our knowledge,
the three and four segment lasers are the longest ever produced.

While capable of lasing in lengths up to 2.4 mm, the GCSP lasers still have a significant amount of
background amplified spontaneous emission and have not yet been mode-locked. Work is presently
concentrating on fully characterizing shorter devices and on mode-locking the three-segment lasers.
We are at the same time investigating the possibility of obtaining multi-quantum well (MQW) laser
material which has recently been demonstrated (1983 Device Research Conference) to have very low
absorption, an important feature for these devices.

(b) Guided Wave Optics in InP

To complement the work on monolithic mode-locked diode lasers described above, we are
studying the development of Ill-V based guided wave optics structures suitable for modulating,
multiplexing, and demultiplexing trains of pulses from such lasers. As such, these structures must be
efficient, low-loss, and compact, and must be capable of being driven at 100 GHz or more, with
modest power requirements. To this end we have, in addition to our own earlier efforts on material
preparation and InP guide characterization, continued our research on development of multiguide
couplers and switches, and collaboration with Dr. F. Leonberger of Lincoln Laboratories on lll-V
waveguide design and characterization.

The three-guide coupler, developed earlier in this etfort, remains a very exciting development and
one we are pursuing aggressively. The concept is simply that bends, which of necessity are long and
gradual, i.e., very space-consuming, can be eliminated in optical waveguide circuitry if couplers are
made, not by bending two guides so that they come close to each other, but rather by inserting a third
guide in between the two guides to be coupled. The coupling length of a three-guide structure is only
1.4 times that of a two—guide coupler, and the overall length including the bend transition regions is
much less. We are presently fabricating and studying shallow-rib and metal-gap three—guide
couplers in GaAs based planar guide structures. Our next goals are to demonstrate efficient
switching in three-guide switch-couplers, and to define the minimum limits on guide spacing and
coupling length.

Our measurement system has been extensively restructured to incorporate a scanner mirror to
facilitate the display of output guide mode profiles. The sample is now also mounted horizontally, and
a base for mounting the probers necessary for the switch studies, has been installed.
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Our mode! for heterostructure rib waveguide analysis developed earlier has also been extended
and has recently been successfully applied to fit coupling length data obtained on two~ and
three-guide passive waveguide couplers. This is an important step because the design of complex
switching systems will require the ability to predict, i.e., design, the coupling length prior to
fabrication.

(c) Multiple~Waveguide Couplers

The interconnection of optical waveguide devices requires the control of the path(s) of the optical
signal. Waveguide Y's and bends with small optical loss are possible only with small deflection
angles. It is possible to construct Y's, and produce transfer of optical radiation paralle! to itself, by
coupling of parallel optical waveguides. In the last report we outiined the applications of three
waveguide couplers. In the meantime, we have developed the theory for N parailel waveguides of
varied coupling between the guides, so as to fully transfer power from one outermost waveguide to
the one on the opposite side.'

In a system with an odd number of waveguides it is possible to adjust the coupling between the
guides so that all of the power entering the central waveguide is transferred symmetrically to the
outermost waveguide, or vice versa.! In this way one may construct waveguide Y's without bends.
This may have advantages in fabrication of waveguide Mach Zehnder interferometers.

In this connection it is of interest to compare the radiation loss of conventional waveguide Y's with
the radiation loss of effective Y's produced by waveguide coupling. We have begun a theoretical
study of radiation loss? and came to the conclusion that, with proper parameter adjustment, the
coupled waveguide version can perform at least as well as the conventional Y for the same effective
divergence angle. Further, studies concerning the optimization with regard to radiation loss are in

progress.

At Lincoln Laboratory, fabrication and testing of coupled three-waveguide structures has been
initiated. The performance of the guides was as predicted, for weak coupling- large
guide-separations. With increased coupling, shorter transfer length- the transfer from one
outermost guide to the other wave not perfect. We are currently engaged in developing a theory for
the "proximity effects” so that fabrication can correct for it.

References

1. H.A. Haus and L. Molter-Orr, "Coupled Multiple Waveguide Systems,” IEEE J. Quant. Electron.
QE-18, 5, 840-844 (1983).

2. M. Kuznetsov and H.A. Haus, "Radiation Loss in Dielectric Waveguide Structures by the Volume
Current Method,” IEEE J. Quant. Electron., accepted for publication.
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Optics and Quantum Electronics

(d) Quantum Theory of Laser Oscillator Locking

Semiconductor lasers, by virtue of their small size and short resonator-relaxation-time, exhibit
large quantum noise often dominating the classical noise contributions. Phase modulation of
semiconductor lasers is being tested in the laboratories™? for possible use in optical communications.
No quantum theory of oscillator locking has been published in the literature to our knowledge. We
have initiated a theoretical study of quantum noise in a locked oscillator. This study was motivated,
apart from its relevance to phase-modulation of semiconductor lasers, by the question whether a
locked oscillator output provides an ideal quantum measurement of the phase of the locking signal.
Linear laser amplifiers are known to provide an ideal simultaneous quantum measurement of
amplitude and phase.® A locked oscillator sacrifices amplitude information by gain-limiting, but
reproduces the phase of the injection signal (except for the phase-noise introduced by the oscillator).
We found that a locked oscillator approaches an ideal measurement tc not better than 3 db (doubling
the fundamental noise imposed by the Heisenberg uncertainty principle).7

References

1. Y.Yamamoto and T.Kimura, "Coherent Optical Fiber Transmission System," |EEE J. Quant.
Electron. QE-17, 6, 919-935 (1981).

2. G.L. Abbas, V.W.S. Chan, and T.K. Yee, "Local Oscillator Excess Noise Suppression for
Homodyne and Heterodyne Detection," Preprint, M.L.T. Lincoin Laboratory, Lexington,

Massachusetts.

3. H.A. Haus and J.A. Mullen, "Quantum Noise in Linear Amplifiers,” Phys. Rev. 128, 5, 2107-2143
(1962).

4. H.A. Haus and C.H. Townes, "Comments on ‘Noise in Photoelectric Mixing’," Proc. IRE 50, 6,
1544-1545 (1962).

5. E.Arthurs and J.L. Kelley, "On the Simultaneous Measurement of a Pair of Conjugate
Observables,"” Bell Systems Tech. Journal 44, 725-729 (1965).

6. C.M. Caves, "Quantum Limits on Noise in Linear Amplifiers," Phys. Rev. D 26, 8, 1817-1839
(1882).

7. H.A. Haus and Y. Yamamoto, "Quantum Noise in Injection Locking of Laser Oscillator,” to be
submitted for publication.

7.3 Picosecond Optics

Joint Services Electronics Program (Contract DAAG29-83-K-0003)
Hermann A. Haus

Waveguide optics, or the more ambitiously named Integrated Optics, will not compete seriously
with integrated electronics in all those functions that can be performed electronically. Optical devices
have a more demanding topology (e.g., optical waveguides have transverse dimensions of several
optical wavelengths and do not permit sharp bends) and higher power requirements. However,
waveguide optics can perform certain signal processing functions at greater speeds than electronic
circuits. High speed signal processing is one application in which waveguide optics can seriously
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compete with electronics.

We are currently working on the realization of all-optical logic gates. The basic structure is shown
in Fig. 7-1. The central guide is pulse excited in one polarization (TM-mode) the outer "control”
guides are excited by synchronous pulses in an orthogonal polarization (TE-mode). The cotraveling
pulses in orthogonal polarizations change the index as "felt" by their "partner” via the third order
nonlinearity x. Depending upon the applied dc voltage in one arm of the interferometer, and the
use of input ports, the device can perform as an XOR gate, AND gate and inverter.

I R POLARIZER

OUTPUT

{\g
/
:

Figure 7-1

We have demonstrated operation of the device fabricated in LiNbO as a picosecond waveguide
modulator.! The testing of the device produced the first measurement of x, or n,, in LINBO,. The
value found was: 3 x 10°(Mw/cm?)"!.

With the available optical powers this value was too small to produce XOR operation, an optically
induced phase shift of » in one of the arms. Therefore, picosecond optical~optical modulation was
demonstrated on the first device of this kind.! The nonlinear coefficient ¥ in GaAs is two orders of
magnitude higher than the one found for LiNbOa. Waveguide fabrication in GaAs has made progress
in the last years so that fabrication in GaAs can be attempted.

Our future work will be aimed at producing a waveguide logic gate in GaAs. We are also
investigating nonlinear processes with higher nonlinearities than those attributed to insulating bulk
GaAs, e.g., optical hole-electron generation. Such processes have relaxation times of nanoseconds
and as such are not usable for picosecond devices. However, there are several possibilities for
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increasing the relaxation rates which would then make them applicable to picosecond signal
processing at power levels available from semiconductor lasers.

References

1. A.Lattes, H.A. Haus, F.J. Leonberger, and E.P. Ippen, "An Uitrafast All-Optical Gate," IEEE
J. Quant. Electron., accepted for publication.

7.4 Ultrashort Pulse Formation

National Science Foundation (Grant ECS80-20639)
Erich P. Ippen

We have extended and refined our analytical mode! for pulse shaping and shc rtening in passively
mode-locked dye lasers and semiconductor lasers. Last year this model was developed to include, in
mode-locking theory, the effects of coherent pulse coupling in colliding-pulse rin.j lasers. As a result
of numerical studies based on the model, we were able this year to introduce tha concept of ‘pulse
shortening velocity' (PSV) as an accurate and practical measure of mode-locked laser performance.
With PSV we have, for the first time, a straightforward prescription for shorter pulses that includes
coherent coupling and illuminates the effects of different types of resonator dispersion. A paper on
the subject has been accepted for publication in the IEEE Journal of Quantum Electronics.

7.5 Femtosecond Laser System

Joint Services Electronics Program (Contract DAAG29-83-K-0003)
Erich P. Ippen

For optical studies in the femtosecond time domain, we have constructed during the past year a
passively-mode-locked cw ring dye laser that operates in the colliding-pulse (two
counterpropagating beams) configuration. This laser oscillator is now a stable, reliable source of
pulses as short as 60 fsec at a repetition rate of 88 MHz. The pulses have individual energies of about
1019 and peak powers on the order 10w, sufficient for a variety of pump-probe studies as well as
for observation of transient parametric scattering by degenerate 4-wave mixing.

High power amplification of femtosecond puises from the oscillator has also been accomplished.
The pulses are passed through four dye amplifier stages, each transversely pumped with energy from
a frequency-doubled Q-switched Nd:YAG laser. Each amplifier stage is isolated optically from the
succeeding stages by a free-flowing absorber stream that can be saturated only by the amplified
pulse. Proper adjustment of gain and saturable absorption in each of the sections is found to be
important to maintaining ultrashort pulse durations. After four stages we have achieved pulse
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energies of 400 uJ with pulse durations of 70 fs. More energy can be achieved with longer pulses.
This system is now availabie for application to a wide variety of time-resolved measurements.

b,

7.6 Parametric Scattering with Femtosecond Pulses

T8, a
PPy

-
e

Joint Services Electronics Program (Contract DAAG29-83-K-0003)
Erich P. Ippen

We have begun to investigate, theoretically and experimentally, transient parametric scattering
(TPS) by degenerate 4-wave mixing with femtosecond pulses. Our initial attention has focused on
two potentially important applications: the first is the generation of shorter pulses by the nonlinear
scattering process; the second is the direct measurement of femtosecond coherence (dephasing)
properties of molecules and solids. Our theoretical work has already clarified the existing analysis of
scattered intensity as a function of material response times and has led us to propose a new,
three-pulse technique for resolving ambiguities. Experimentally, we have made preliminary
observations of femtosecond pulse shortening by TPS in molecular dye solutions. Measurements are
in progress to determine the dependence of this shortening on the specific dye molecule, pulse
power, and relative delay between two puises. With optimization, we expect to be able to generate
pulses shorter than 40 fsec.

7.7 Near-IR Diagnostics

National Science Foundation (Grant ECS80-20639)
Erich P. Ippen

Work progressed significantly this year in the development of a picosecond dye laser source for the
GaA ¢ As bandedge regime. Our dye laser is synchronously-pumped by about 1 watt of 6471 A
power from a mode-locked Kr* laser. With specially designed mirrors, birefringent tuning plates, and
a new nontoxic solvent, we have extended the tuning range of a single dye (Oxazine 750) to cover
completely the wavelength region of interest: 7600 A - 9000 A. Over this range we have obtained
approximately transform-limited pulses of 4 psec in duration and average powers ranging from
several hundred milliwatts at peak to about 25 mW at the long wavelength end. Pulses from this laser
have been used, in conjunction with another research program, to demonstrate picosecond optical
switching with optical nonlinearities in Li_NbO3 waveguides. Our laser is especiaily suited for these
studies because of reduced damage in LiNbO3 at longer wavelengths. By the end of this year
application to studies of picosecond saturation in GaA As waveguides will also have begun.
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7.8 Quaternary (InGaAsP) Diagnostics

National Science Foundation (Grant ECS80-20639)
Joint Services Electronics Program (Contract DAAG29-83-K-0003)
Erich P. ippen

During the past year we have begun studies of carrier dynamics in quaternary semiconductor films
of InGaAsP on InP. For fabrication of thin film samples we have established collaboration with
colleagues at Bell Telephone Laboratories, Hoimde!, New Jersey and RCA Research Laboratories,
Princeton, New Jersey. Our first experiments have utilized pulses from a mode-locked cw Nd:YAG
laser to excite and probe at A = 1.06u changes in interband absorption in thin film samples.
Preliminary results very nicely show recombination to be due to a combination of linear and nonlinear
(Auger) processes. Further work with different material compositions and different laser wavelengths
will now be used to provide a clearer separation of effects. For this purpose, and also for long
wavelength waveguide studies, we have spent time this year building a tunable, picosecond F-center
(KC€:TL) laser for 1.4u < A > 1.6u. Crystals have been obtained from L.F. Mollenauer of Bell
Laboratories, and laser performance will be characterized in the near future. We have also begun to
pursue a novel, and we think very interesting, approach to studies of carrier dynamics: the use of
surface-acoustic-wave electrode structures to detect picosecond nonradiative relaxation. The
technique utilizes, high repetition rate, picosecond pulse trains to generate a spatially and temporarity
periodic carrier density. Nonradiative recombination is resonantly detected by a similarly periodic
electrode structure.
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B. Grating Structures

Academic and Research Staff
Prof. H.A. Haus, Dr. J. Melngailis, D.-P. Chen

Graduate Students
E.M. Garber, M.N. Islam

7.9 Surface Acoustic Wave Gratings

National Science Foundation (Grant ECS82-11650)
Hermann A. Haus, John Melingailis

g M N A,

Several types of surface acoustic-wave (SAW) devices operate on the principle of coherent
reflection of the waves from gratings. The gratings used are generally shallow with a depth equal to a
few percent, at most, of the grating period. Thus, apart from a small reflection from each groove
edge, the SAW, to first order, propagates in the grating undisturbed. Small deviations from this lowest
order model, which result in a slowing and attenuation of the wave in a grating, are important in some
critical devices. Resonators, in which a surface acoustic wave bounces between two gratings as in a
Fabry-Perot cavity, are used as high-Q frequency standards. Here, frequency shifts occur due to the
propagation in a finite-depth grating. Reflective~array compressors are used to compress chirped
radar waveforms which are often up to 80 usec in length. The frequency within the waveform varies
monotonically over the length of the pulse. The compressor, in effect, adds the signal at the head of
the pulse to the signal at the tail with the correct phase and amplitude. Thus, transit time and
attenuation within a grating must be accurately controlied.

Al

Our work on surface acoustic-wave grating structures has a dual goal: (a) development of methods
of analysis of grating structures that are simpler than those generally employed, and (b) utilization of
simple analytical methods in the design of novel structures using surface acoustic waves.

We have applied a variational principle to predict the radiation loss from gratings, a problem of
importance in the design of Reflective Array Compressors of small insertion loss. Because of the
radiation loss the system is not "self-adjoint”. Our work' showed how one may adapt the variational
principle to treat this case. Experimental results on the insertion loss of ion milled groove-gratings
were obtained and compared with theory.2

Currently we are extending the variational treatment to metal-strip gratings with a twofold
objective: (a) To obtain relatively simpie analytic expressions for the refiection of by metal-strips. (b)
To understand the spurious response of transducers whose likely cause are the higher order
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Optics and Quantum Electronics

transverse modes of the transducer acting as a reflection grating. Preliminary studies have shown
that the change of propagation velocity caused by metalization of LiNbOa and quartz can be
predicted simply, analytically using the variational principle with a very high degree of accuracy when
compared with published computer analyses. This finding gives us confidence that the accuracy of
the approximate analytic treatment of metal gratings will be satisfactory.

In another investigation, the optimum design of unidirectional transducers is pursued.
Unidirectionality is achieved by combining the reflective properties of a grating interspersed with an
interdigital transducer. This work is done in cooperation with Dr. C. Hartmann of RF Monolithics.

Because of our concurrent work in optical waveguide structures it was naturai for us to investigate
the question whether useful structures may be built combining the surface acoustic wave interactions
via the acousto-optic effect, with the guiding properties of optical waveguides. Optical guiding layers
made with proton exchange permit adjustment of the difference between the ordinary and
extraordinary optical indices.? One may construct Y- propagating optical waveguides in X—cut
LiNbO3 in which the TE and TM modes are coupled by a SAW of given frequency. This permits the
construction, in principle, of an acousto-optic spectrum analyzer with no optical lenses. Preliminary
theoretical studies suggest better resolution and greater dynamic range than the one achieved with
more conventional designs.*

References

1. H.A. Haus and M.N. Istam, "Application of a Variational Principle to Systems with Radiation Loss,"
IEEE J. Quant. Electron. QE-19, 1, 106-117 (1983).

2. M.N. Islam, H.A. Haus, and J. Melngailis, "Radiation Loss for Normal and Oblique Incidence
Gratings," 1982 Ultrasonics Symposium, pp. 92-95.

3. J.L. Jackel, C.E. Rice, and J.J. Veselka, “Proton Exchange for High-index Waveguides in
LiNbO,," Appl. Phys. Lett. 41,7, 607-608 (1982).

4. H.K. Barnoski, R.V. Chen, T.R. Joseph, J.Y.M. Lee, and V.G. Ramer, "Integrated-Optical Spectrum
Analyzer," IEEE Trans. Cir. Systems CAS-26, 12, 1113-1124 (1979).
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8. Photonics

Academic and Research Staff
Prof. S. Ezekiel, J. Kierstead

Graduate Students
D. DiFillipo, P.R. Hemmer, R.E. Meyer, B.W. Peuse, D.R. Ponikvar, M.G. Prentiss,
G.A. Sanders, R.E. Tench

8.1 Ultrahigh-Resolution Spectroscopy and Frequency
Standards in the Microwave and MM Wave Regions Using
Optical Lasers

Air Force Rome Air Development Center (in collaboration with C.C. Leiby, Jr.)
U.S. Air Force - Rome Air Development Center (Contract F19628-80-C-0077)
Philip R. Hemmer, Shaoul Ezekiel

In this program we are considering an attractive possibility for obtaining ultrahigh resolution in the
microwave and mm regions using optically induced Raman transitions in atomic beams. The
research is centered around the interaction of two laser fields with a three level system in an atomic
beam. Of particular interest is the basic study of coherent two-photon excitations in a folded three
level system in which exceedingly narrow resonances can be obtained when the initial and final levels
are long lived states. As is well known, the linewidth is determined only by the initial and final level
decay rates for a Doppler Free system such as an atomic beam.

In order to achieve such narrow linewidths, laser frequency jitter must be eliminated and the time
the atom spends in the excitation field must be made as long as possible to reduce the transit time
linewidth. We eliminate laser jitter by correlating the jitter in the two lasers since the transition
frequency of interest depends on the difference in the laser frequencies. In summary, we are able to
make a transition from the first level to the final level indirectly via the intermediate level and achieve a
linewidth equivalent to that obtained by a direct transition from the first to the final level using a
microwave or mm wave Source.

Our initial experiments have been conducted with an atomic beam of sodium and dye lasers. In this
case the difference in the laser frequencies is 1772 MHz. Laser jitter in each beam was correlated by
simply deriving one laser frequency from the other by an acousto-optic frequency shifter driven at
1772 MHz. A linewidth of 650 Hz was achieved by using Ramsey's separated oscillator method with a
30 cm separation between the interaction regions. We have aiso stabilized the 1772 MHz oscillator to
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the Ramsey resonance and achieved a stability of 5.6 x 10"'! for an averaging time of 100 seconds.
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Future work is concerned with the study of level shifts in the resonance Raman scheme which
influence the ultimate performance of such a stabilization system. In addition we are considering
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various techniques for cooling the Na Beam 80 as to achieve narrower transit time linewidths. 1
References i
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$. 8.2 Resonant Light Diffraction by an Atomic Beam !
F f
5'
N National Science Foundation (Grant PHY79-09739)
Joint Services Electronics Program (Contract DAAG29-80-C-0104)
o Bruce W. Peuse, Mara G. Prentiss, Shaoul Ezekiel
<1
: We have observed resonant light diffraction by an atomic beam of 2-level sodium atoms. This grew
.. out of an effort to develop new techniques of performing absorption spectroscopy in low density
atomic beams, that are capable of achieving quantum noise limited sensitivity. As a result of using
;ﬁ such techniques, we found that the absorption lineshape exhibited an asymmetry even for weak fields
» and the magnitude of this asymmetry depended on the position and size of the detector. In contrast,
‘,_ the lineshape determined by collecting the fluorescence for the same atoms did not exhibit any
l asymmetry. Moreover, we measure the on-resonance and also the off-resonance absorption as a
function of detector position.
: We explain the observed distortion in the absorption lineshape and the spatial absorption behavior
$2 as a manifestation of the interference between light scattered by the atoms with the excitation beam
eS8 at a given position of the detection plane. In other words, we have observed a ditfraction-like pattern
- due to the laser beam propagating across a thin atomic beam. The difference between on-resonance
' and off-resonance behavior is explained by the dependence of the phase of the scattered field on
; ;23 frequency. Our calculations are in good agreement with the experimental data.
- The above diffraction phenomena along with the resulting lineshape distortion can be eliminated by
-3." placing the detector very close to the interaction region, but this is clearly not feasible. However, itis
[
b
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Photonics

possible to achieve the same resuits by imaging the fields in the interaction region at the detection
plane. In our experiment this was accomplished by placing two lenses of equal focal length f in the
laser beam after the interaction region. In this way, the fields in the interaction region are faithfully
reproduced at the image or detection plane. When the apertured detector is scanned along the
image plane while the laser is held on resonance, the spatial pattern that results no longer shows any
diffraction behavior. Moreover, the lineshape distortion was also eliminated by using this imaging
technique.
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1. B.W. Peuse, M.G. Prentiss, and S. Ezekiel, "Distortion in Atomic Beam Absorption Lineshapes,”
Journal de Physique Colloque C8, Supplement au n°12, Tome 42, C8-53, December 1981.

2. B.W. Peuse, M.G. Prentiss, and S. Ezekiel, "Observation of Resonant Light Diffraction by an
Atomic Beam," Phys. Rev. Lett. 49, 269 (1982).
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Absorption Spectroscopy in Atomic Beams," Opt. Lett. 8, 154 (1983).

8.3 Precision Atomic Beam Studies of Atom-Field Interactions

National Science Foundaton (Grant PHY79-09739)
Joint Services Electronics Program (Contract DAAG29-80-C-0104)
Bruce W. Peuse, Mara G. Prentiss, Shaoul Ezekiel

The interaction of radiation with two and three level quantum mechanical systems is of much
interest because it involves basic processes. So far we have studied the interaction of 2-level and
3-level sodium atoms with one and also with two monochromatic fields provided by stable, single
frequency dye lasers. One laser acts as the pump and interacts primarily with two of the levels. The
second laser then probes the absorption between either one of these levels to a third level. In this
way, we have studied a cascade system, a Vee system and also an inverted Vee system. In the case of
a weak pump field, our probe data was in very good agreement with theoretical calculations.
However, when the pump was made very intense the probe data could not be explained by the a.c.
stark effect alone. Atomic recoil had to be included in the calculations in order to explain the
peculiarities observed.
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1. R.E. Tench, B.W. Peuse, P.R. Hemmer, J.E. Thomas, and S. Ezekiel, "Two Laser Raman Difference
Techniques Applied to High Precision Spectroscopy,” Journal de Physique, Colloque CB8,
Supplement au n°12, December 1981.

2. P.R. Hemmer, B.W. Peuse, F.Y. Wy, J.E. Thomas, and S. Ezekiel, "Precision Atomic-Beam Studies
of Atom-Field Interactions,” Opt. Lett. §, 531 (1961).

3. B.W. Peuse, R.E. Tench, P.R. Hemmer, J.E. Thomas, and S. Ezekiel, "Precision Studies in 3-Level
Systems,” in A.R.W. McKellar, T. Oka, and B.P. Stoicheff (Eds.), Laser Spectroscopy V
(Springer-Veriag 1981) p. 251.
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8.4 Measurement of Natural Predissociation Effects in lodine
Molecules

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
National Science Foundation (Grant PHY79-09739)
Robert E. Tench, Donald R. Ponikvar, Shaoul Ezekiel

In our continuing study of the interaction of two monochromatic fields with folded 3-level systems

" in vapors, we have performed extremely high resolution measurements of Doppler free resonances in

'2' With weak copropagating pump and probe fields we have observed linewidths as narrow as 50
kHz, vapors, we have performed extremely high resolution measurements of Doppler free resonances
in l2. With weak copropagating pump and probe fieids we have observed linewidths as narrow as 50
kHz, determined, in principle, by the relaxation rates of the first and final levels with a small
contribution from the relaxation rate of the intermediate level. For counterpropagating fields we have
observed a probe linewidth of about 150 kHz that is determined primarily by twice the relaxation rate
of the intermediate level. We are using this doubling of the intermediate level relaxation rate to
perform precision measurements of the nature linewidths of the many hyperfine transitions in the
P(13) 43-0 and R(15) 43-0, B-X transitions at 5145 A. Because of natural predissociation effects in
the !2 molecule, the natural width of each hyperfine component will be different. Our precision
measurements will therefore enable us to study in more detail such predissaciation phenomena.

Since molecular iodine is being considered as a reference molecule in the visible region of the
spectrum, precision linewidth and lineshape measurements of individual hyperfine components as
well as the spacing between components is of much interest.
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8.5 Passive Ring Resonator Method for Sensitive Inertial
Rotation Measurements in Geophysics and Relativity

U.S. Air Force Geophysics Laboratory (Contract F19628-79-C-0082)
Glen A. Sanders, Raymond E. Meyer, John Kierstead, Shaoul Ezekie!

Precision measurement of inertial rotation is of much interest in a number of areas, such as
navigation, geophysics, and relativity. The geophysical applications include the measurement of the
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various effects that cause fluctuations in the earth’s rotation rate @, ranging from 107 to 10'905. for

example, nutation, precession, wobble, and tidal-friction effects. The relativistic effects range in -
sensitivity from 109 to 10‘"95 and include measurements of the preferred frame and the drag *
parameters.

The advent of the laser in 1960 rekindled the interest in the use of the Sagnac effect for sensing
inertial rotation by optical means. Several approaches to implementing the Sagnac effect have been
under investigation. These include active techniques, such as the ring laser gyro, and passive
techniques employing passive ring resonators or multiturn fiber-optic interferometers. In all these
approaches, the measurement sensitivity scales with the area enclosed by the light path. Typically, to

reach the sensitivity needed to measure the geophysical and relativistic effects mentioned previously,
0* m2,

it is necessary to consider areas between 102 and 1

Our research effort centers around the passive resonator technique. Our present setup is a square
cavity, 70 cm on a side, mounted on a super invar table. The difference between the resonance
frequencies of the cavity for clockwise (cw) and counterclockwise (ccw) propagation induced by
inertial rotation is measured by a 1/2-mW He-Ne laser, mounted external to the cavity. We have
reduced the short-term random drift to about 3 x 10“‘9E (where QE is earth rotation rate) in an
averaging time of 30 seconds which is close to the photon shot noise limit in our setup. The study of
long-term drift is in progress.

'y
N
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8.6 Closed Loop, Low Noise Fiberoptic Rotation Sensor

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
U.S. Air Force - Rome Air Development Center (Contract F19628-80-C-0077)
David Di Fillipo, Mara G. Prentiss, Shaoul Ezekiel -

4 AR

The fiberoptic gyroscope has been receiving considerable attention for the past several years. A
number of different approaches have been studied, and as these studies progress a number of
problems were uncovered.

Our present approach employs a 200 m lo g fiber wound around a 19 cm diameter spool and
operated in a closed loop mode. Our measurement approach is based on the use of two
acousto-optic frequency shifters placed within the fiber interferometer for providing nonreciprocal
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:

ﬁ phase modulation as well as nonreciprocal frequency offsets needed in closed loop operation.
Short-term random drift is about 0.03°/hr for averaging times of 30 seconds which is close to that
predicted by the photon shot noise limit in our setup. The long-term performance departs from the

Y photon noise limit and considerable etfort is at present directed into the sources of long-term drift. in
this connection, we have predicted and observed an intensity-induced nonreciprocity in the

= fiberoptic gyro. We found that a nonreciprocal phase shift of 1.4 x 106 radians can be generated by a

one microwatt power difference between the oppositely propagating light beams. Our fiber is 200 m
long with a core diameter of 4.5 microns, and wound on a 19 cm diameter spool. The intensity
:-, dependent nonreciprocal phase shift, which is attributed to a four wave mixing process in the quartz
medium, is equivalent to a rotation rate of 0.2°/hr in the present geometry, and therefore stresses the
need for a strict intensity control in precision fiber rotation sensors.

: References
::j 1. J.L. Davis and S. Ezekiel, "Closed Loop, Low Noise Fiberoptic Rotation Sensor,” Opt. Lett. 6, 505
e (1981).
2. M.G. Prentiss, J.L. Davis, and S. Ezekiel, "Closed Loop, High Sensitivity Fiber Gyroscope," in
y S. Ezekiel and H.J. Arditty (Eds.), Fiberoptic Rotation Sensors (Springer-Verlag 1982).
= 3. S. Ezekiel, J.L. Davis, and R.W. Hellwarth, "Observation of Intensity-Induced Nonreciprocity in a
_.. Fiberoptic Gyroscope," Opt. Lett. 7, 457 (1982).
‘%
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8.7 Fiberoptic Ring Resonator Gyroscope
o
N
N U.S. Air Force Geophysics Laboratory (Contract F19628-79-C-0082)
.- Joint Services Electronics Program (Contract DAAG29-80-C-0104)
'.

Raymond E. Meyer, John Kierstead, Shaoul Ezekiel

L]
P

in addition to the fiber interferometer method described in the previous section we are also
investigating the use of an all-fiber ring resonator as a sensor of absolute rotation. The principle here
is similar to that of the discrete mirror resonator method that has been under development in our
laboratory for several years. In brief, the mirror resonator is simply replaced with a single mode fiber
resonator and the input-output coupling is accomplished by means of a fused evanescent wave fiber
coupler. At present the finesse of the 3 meter fiber resonator is 140. Preliminary data on short-term
noise is about 0.5°/hr (r = 1 second) (rms) which is 10 times greater than the shot noise limit in our
- present setup.

R

S N

(LA ALAL

o References

"'; 1. R.E. Meyer and S. Ezekiel, "Fiberoptic Resonator Gyroscope,” presented at First International

2 Conference on Optical Fiber Sensors, IEE, London, England, April 1983.

»

fa ¢

o

ALE P.R. 125 48

ﬁ:

TR R A S v J.

- r‘ "\1 Fe s A Py i Ty P NN L P L N T T e e e S L T T R P e L I




-

IO N

w8
.4
-

S
Yt O

“y
SN,

WIS Pir, | T

i{

A

e AR R 5 2

oot N 0.

Optical Spectroscopy of Disordered Materials and
X-Ray Scattering from Surfaces

9. Optical Spectroscopy of Disordered Materials
and X-Ray Scattering from Surfaces

Academic and Research Staff
Prot. J. D. Litster, Dr. L.E. Kupferberg'

Graduate Students
B.D. Larson, L.E. Solomon

Joint Services Electronics Program (Contract DAAG29-83-K-0003)
James D. Litster, Brent D. Larson, Lorraine E. Solomon

A. Studies of Micellar Liquid Crystals

Decylammonium chloride in aqueous solution of ammonium chloride forms disk-like micelles about
2 nm thick and 6 nm diameter. These may be completely disordered (isotropic phase), orientationally
ordered with no positional order (nematic phase), or be positionally ordered in one direction (the neat
soap or smectic A phase). We have been using the dichroism of dye probes to study the anisotropic
rotational diffusion of the micelles in each of these three phases. Since we use one dye molecule for
every 75 to 100 micelles, there should be little effect on the ordering of the micelies.

Our experiments showed that the interaction between the dye molecules and the micelies can be
quantitatively described by an orientational order parameter SD = (1/2) <3 cos? @ - 1>, where a Is
the angle between the dye transition moment and the micelle symmetry axis. The micelles can, in
turn, be described by a similar order parameter SM = (1/2) <3 cos? © - 1>, where © is the angle
between the micelle symmetry axis and the optic axis of the liquid crystal. In the isotropic phase
Sy = 0. The dichroism of the solution is proportional to the product S,§,,. We expect that S, which
is the average of interactions that involve only one dye molecule and one micelle, will be the same in
all phases. From our measurements we deduce SD = 0.4, the discontinuity in S,, at the first order
nematic-isotropic transition is 0.4, §,, rises to 0.8 at the nematic-neat soap transition, shows no
discontinuity at the transition, and continues to increase slowly as the neat soap phase is cooled.

We observed the rotational diffusion by transient dichroism measurements. Our main goal is to
determine if the neat soap phase is being formed of surfactant bilayers (the traditional picture) or
micelles whose concentration varies periodically in space in the solution. Our data suggest the latter.
However, we found that our laser puilse disturbs both orientational order parameters from the

¥ Assistant Professor, Department of Physics, Worcester Polytechnic Institute, Worcester, Massachusetts
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Optical Spectroscopy of Disordered Materials and
X-Ray Scattering from Surlaces

equilibrium values. SD relaxes rapidly and dominates the short time (t < 500 ps) behavior. To answer
the question definitively, we are beginning experiments with dyes that have a high singlet to triplet
conversion and hence longer excited state lifetimes; these will permit us to observe the much slower
(t> 10 ns) motion of the micelles directly.

B. Energy Transfer Studies

Our goal is to use energy transfer between dye molecules to study short range orientational order
of molecules in liquid crystai phases and obtain information to complement that which can only be
obtained on much greater length scales by light scattering. We have begun experiments with the
laser dyes rhodamine 640 (Rh640) and oxazine 725 (Ox725). As the emission spectrum of Rh640
almost perfectly overlaps the absorption spectrum of Ox725, this pair is ideally suited to energy
transfer experiments.

Preliminary experiments have been carried out with the dyes dissolved in ethanol. Pure Rh640 has
a fluorescence lifetime we measure from time dependent absorption following a bleaching pulse to be
4.0 ns, while that of Ox725 is about 770 ps. When the two dyes are mixed and the Rh640 absorption
measured at a wavelength where Ox725 g\wes no observable signal, the lifetime drops to 2.8 ns
indication energy transfer from Rh640 to Ox725 has taken place. The experiments will continue,
subject to the constraints of Dr. Kupferberg's teaching duties at Worcester Polytechnic Institute.
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Kumar, S., L.J. Yu, and J.D. Litster, "Orientation Fluctuations of a Lyotropic Nematic Liquid Crystal
Measured by Quasielastic Light Scattering,” Phys. Rev. Lett. 50, 1672 (1983).
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10. Infrared Nonlinear Optics

Academic and Research Staff
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10.1 Infrared Nonlinear Processes in Semiconductors

U.S. Air Force - Office of Scientific Research (Gontract F49620-80-C-0008)
Roshan L. Aggarwal, Peter A. Wollf, Chiravurri Jagannath, Y.C. Sunny Yuen, Edward Gamble,
Kathleen Kash, J. Barry McManus, James Warnock, Stephen Wong, Eric P. Youngdale

in doped, narrow gap semiconductors there is a sizeable nonlinear (Raman) interaction between
two laser beams and plasma waves. This interaction can be used to coherently excite plasmons of
well-defined wave vector. An experiment to test this idea was performed’ in thin n-InSb plates;
plasmon excitation was detected via FIR radiation (= 100p) emitted at the plasma frequency by the
thin-film modes. The FIR power observed was lower than anticipated, but in other respects the

measurements confirmed theory.

Though acoustic plasma waves were predicted many years ago, they have not been observed in
crystals until recently.? Light scattering spectra of optically excited electron-hole plasmas in GaAs
exhibit a novel, low frequency resonance. The position and carrier-density variation of this line agree
with those predicted by RPA theory of the acoustic plasmon. In previous light scattering studies of
optically excited electron-hole gases, the acoustic plasmon resonance was not observed, presumably
because of plasma inhomogeneity. Uniform plasmas were assured in this work by creating
electron-hole pairs in thin (= 4000 A) GaAs epilayers, bounded by transparent (Ga,Al)As layers. The
investigation was performed in collaboration with Dr. A. Pinczuk and Dr. J. Shah of Bell Laboratories.

intense, degenerate four wave mixing has been observed® at room temperature in p-type
(Hg.Cd)Te with a CO, laser pump. The experiments yield a noniinear susceptibility, x® = 5x10®
esu, withp = 25x 10'7 holes/cc. This value exceeds, by several orders of magnitude, any previously
observed nonresonant, nonlinear susceptibility. The large x'® is attributed to intervalence band
transitions which modulate the plasma contribution to the dielectric function. The nonlinear
susceptibility is proportional to the light-to-heavy hole relaxation time, which is estimated to be (2-4)

x 1012 gec.

53 RLE P.R. No. 125

L

N
L

_s

RO IINA

’Ll‘. ’

XN U



P R R L e T T T T L o T T T T T T o v
l‘;"? Inirared Nonlinear Optics
<
-::j{j Theoretical calculations* suggest that, in semiconductor crystals with spatially varying effective
: mass, there is a large enhancement of the free-carrier nonlinear susceptibility. Structures of this type
‘ ¥ can be grown via MBE techniques. The variable-mass effect is most pronounced when the mass
N varies rapidly in space, though large amplitude fluctuations are not required. Nonlinear coefficients in
N
2 the 10 - 10'S esu range are anticipated at 10.6 p.
Nonlinear optical studies of donors in Ge and Si are continuing. Four-wave mixing spectroscopy
A has been used to study"’ the stress dependence of the ground state multiplet of phosphorus donors in
o5 Si. This work was made possible through the development of a quantitative stress cryostat. The
{ experiments determine the stress deformation potential.":':.. characterizing the 1s ground state
multiplet.
The stress cell has aiso been coupled to a superconducting magnet to measure the combined
. :}ji stress (F) and magnetic field (B) dependence of the donor levels. With F constant one observes
' four-wave resonances, as a function of B, for various values of the difference frequency, Aw,
- between two CO, laser beams. Preliminary experiments on As donors in Ge with stress F || [110] yield
a value 0.03 cm~'/T2 for the diamagnetic coefficient of the 1s (A,) — 1s(8,) transition in the high
o stress limit. This value is in excellent agreement with a theory which takes into account both valley
<. re-population and the change in size of the ground state, 18(A.), wave fui stica,
:"-
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A 11. Quantum Optics and Electronics
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11.1 Nonlinear Optical Interactions in Semiconductors

U.S. Air Force - Office of Scientitic Research (Contract F49620-79-C-0071)
Michael M. Salour
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The aim of this program is to investigate a variety of novel, nonlinear optical interactions that
accompany, or immediately follow, the creation of an electron-hole pair in semiconductors. We have
previously reported tunable cw laser action with platelet semiconductors in both mode-locked and
unmode-locked configuration using CdS, CdSe, and CdSSe. These optically pumped semiconductor
platelet lasers do not require complicated heterostructures and thus may be easily changed to
different wavelength regimes by varying the sample composition. With a potentially continuous
tuning range between 500 nm and 1.5 um they may become useful tools for spectroscopy in both the
time and frequency domains.

ey o

et

More recently we have achieved the first optically pumped, mode-locked semiconductor laser
operating at wavelengths longer than 1.0 um. Laser operation was achieved in two separate
compostions of In"GaxAsyP,y at1l1and 1.2 pmwith x = 20,y = 4and x = 24, y = 55
respectively. Pulses as short as 7 ps were obtained with tunability over a range of 26 nm. Cw
operation was also achieved with a reduced duty cycle to compensate for the comparatively poor
thermal conductivity of the quaternary layer.

(IRt e T

In collaboration with Dr. T.C. Harman of Lincoln Laboratory we have also operated the first optically
pumped HgCdTe laser in an external cavity. The laser operates in the range of 1.2u - 2 u with
samples prepared by liquid phase epitaxy on CdTeSe substrates. We have achieved a peak output
power of 50 watts when mode-locked with an average output power of as much as 5.6 MW. Outputs
pulses as short as 5.3 psec were measured with a time-bandwidth product of 0.55. Unmode-locked
operation, and operation at temperatures above 10°K were aiso demonstrated.

b During the past year we have also demonstrated platelet semiconductor lasing for the first time in a
ring resonator. Low threshold has been achieved with bidirectional operation of the ring but strong

.
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Quantum Optics and Electronics
*.‘i coupling effects have thus far prevented unidirectional operation.
g'_ 11.2 Picosecond Dye Laser Optics
: Joint Services Electronics Program (Contract DAAG29-80-C-0104)
U.S. Air Force - Office of Scientific Research (Contract F49620-79-C-0071)
“. Michael M. Salour
R
:"' Our picosecond dye laser system has been extended to high power operation by the addition of
O four dye amplifier stages. A frequency-doubled, Q-switched Nd:YAG laser pumps the dye amplifiers
in synchronism with a pulse from the train of a synchronously-mode-locked dye oscillator. A pulse
g from the oscillator is then amplified to peak powers of several gigawatts (for pulse duration of several
ﬂ picoseconds at a repetition rate of 10 Hz). An electron-optic streak camera, interfaced to a
"fjc multichannel analyzer and minicomputer, has been adapted for use at the 10 Hz repetition rate.
ko For the system's initial demonstration we have performed time resolved laser induced fluorescence
‘ spectroscopy of the hydroxyl radical in flame. The results reported extend previous measurements of
2%y OH"'n(v‘ = 0) quenching rates in subatmospheric pressure flames to atmospheric pressures. The
g’ application of this technique to even higher pressure flames appears feasible. The collisional
‘ quenching lifetime following excitation of the R2(4)2Il(v' =0)K---2Z*(v' ' =0) transition was
e measured to be 1.8 ns in the burned gas region of an atmospheric pressure, premixed methane-air
E} flame.
X We have also reported the first experimental technique for compensating the pulse broadening in
. single-mode optical fibers, using the "slow" anomalous puise propagation in the exciton-polariton
M resonance in a direct-gap semiconductor. Mode-locked dye laser puises of 0.7-ps duration at 8180 &
N were propagated through a 100-m single-mode optical fiber and emerged with 2.8-ps duration. We
f have demonstrated the compensation of this pulse broadening in optical fibers by passage through a
6.3 -~ um-thick GaAs crystal, taking advantage of the group velocity dispersion around the discrete
Q, n = 1 exciton-polariton resonance.
B> 11.3 Nonlinear Spectroscopy of Atoms and Molecules
f;{% U.S. Navy - Office of Naval Research (Contract NO0O14-79-C-0694)
L Michael M. Salour
®
’ A series of novel experiments has been initiated to study the photon statistics of light produced by
. degenerate 4-wave mixing (DFWM). The goal of this work is the generation of light in two-photon
iﬁ coherent stages.
kS
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w

; '}3 Considerable advance has been made in achieving the laser stability required for the observation of
¥ non-classical statistics. Output from a frequency-stable ring dye laser is amplified in a 3-stage dye
. amplifier pumped by a frequency-doubled Q-switched Nd:YAG laser. Use of a novel pulse shaping
; ‘-‘1 network has resulited in the generation of nearly transform-limited puises of 4 nsec duration. DFWM
: has been observed in Na vapor. So far, photon counting measurements made both on reflected and
transmitted probe beams have yielded Poisson statistics. High loss and background fluorescence

has restricted these measurements to the regime of classical statistics. Several alternative schemes
are being pursued.
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12. Microwave and Millimeter Wave Techniques

Academic and Research Staff
Prof. B.F. Burke, Prof. R.L. Kyhl, Dr. D.H. Roberts

Graduate Students
B.R. Allen, C.L. Bennett, A.C. Briancon, J.A. Garcia-Barreto, P.E. Greenfield, J.N.

Hewitt, V. Dhawan, C.R. Lawrence, J.H. Mahoney

12.1 Cooled FET Amplifiers at 8 and 15 GHz

National Aeronautics and Space Administration (Contract NAG3-215)
Bernard F. Burke

MESFETS increasingly dominate the microwave amplifier field. The inherently low noise of the field
effect is aided by the fact that majority carrier devices can operate at cryogenic temperatures with a 3
to 4 fold reduction in noise.'® The operating frequencies for this study were chosen for their interest
to radio astronomy. Specifically, 8.45 GHz is the proposed frequency for space VLBI,'® and 15 GHz is
of importance for background radiation observations.'*

The astronomical requirements of over 1 GHz bandwidth and under 100° K noise temperature are
challenging design goals in the intermediate step of fabricating a reliable, cryogenically cooled low
noise FET amplifier. The amplifier doubles as a test jig in the experimental study of FET gain and
noise properties at high frequencies and low temperatures. Design features include easy device
replacement and alternate versions for chip and packaged transistors to enable comparative study.
For packages, duroid (teflon) substrate and solder connections are employed; the chip version is
functionally identical, but eliminates solder joints and uses quartz substrate for the microstrip circuits.
Impedances are tunable over a wide range, using broadband open—circuited stub lines. Substrate
processing techniques including vacuum evaporation, plating and photolithographic etching were
developed to enable rapid realization of any desired microstrip pattern.

The conclusions drawn are as follows: packaged transistors feature easy handling but suffer from
parasites and from unpredictable thermal behavior. Solder joints are occasional failure sites when
thermally cycled, but special alloy solders can eliminate this problem. Chips have no package
parasitics and are in direct thermal contact with the cold stage. However, the necessary bonding
procedures are complex and have low yield since bare FETs are easily degraded by mishandling. The
peeling of metallization off the bonding pads when thermally cycled (between 300° K and 20° K)
seems {0 be a persistent problem. Accurate characterization of scattering and noise parameters is
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: z_ difficult on existing equipment. For packaged transistors at 8 -9 GHz,"® where network analyzer data

f ‘ is reliable, the results are as follows: T__ . the minimum noise temperature, is reduced by a factor of 3
e} on cooling most FETs from 300° K to 77° K; Z opt (=R opt * iX c'm), the input impedance for realizing

*. - Tmin, has its real part (Rom) decreased by a factor of 1.5 - 2 and its imaginary part (Xo pt),,

approximately unchanged; the noise conductance (g o) is halved, which reduces the sensitivity of

o noise temp T to deviations of input impedance Z( = R + j X) from Zopt. via the equation T = T min *
’:_:: To g_Rn |1Z- Zcml2 (To is the ambient temperature). Similar behavior is found at 15 GHz, but some

\§ varieties of device show much less improvement, for reasons as yet uncertain. Extensive study of a

'J variety of transistors including more accurate impedance and noise measurement is needed to

separate the contributions and identify the temperature dependances of the various known FET noise
s, mechanisms.

; ; This study involved devices with 1/2 micron gate lengths. New devices with 1/4 micron gates,
; 1»} soon to be available, will be active well beyond 30 GHz. These will require precision circuit

techniques and measurements for the full realization of their potential. '3

A References
": 1. R. Pucel, H. Haus, and H. Starz, "Signal and Noise Properties of Gallium Arsenide Microwave Field
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Y MTT-27, 7, (1979).
e 4. H. Fukui, "Design of Microwave Ga-As MESFETs for Broadband Low-noise Amplifiers,” IEEE
" Trans. Microwave Theory Tech. ED-26, 7, (1979).
"' 5. S. Weinreb, "Low Noise Cooled Ga-As FET Amplifiers,” IEEE Trans. Microwave Theory Tech.
o MTT-28, 10, (1980).
v b 8. C. Liechti and R. Larrick, "Performance of Ga-As MESFETs at Low Temperatures,” IEEE Trans.
443 Microwave Theory Tech. MTT-24, 1, (1976).
. 7. D. Williams, W.Lum, and S.Weinreb, "L-Band Cryogenically Cooled Ga-As FET Amplifiers,"”
- Microwave Journal 23, 10, (1980).
r3 8. S. Weinreb, D. Fenstermacher, and R. Harris, "Ultra-Low Noise 1.2 to 1.7 GHz Cooled Ga-As FET
) Amplifiers," IEEE Trans. Microwave Theory Tech. MTT-30, 6, (1982). .
;“, 9. G. Tomasetti, S. Weinreb, and K. Wellington, Electronics Division Internal Report No. 222, National
5y Radio Astronomy Observatory, Charlottesville, Virginia.

10. R.A. Preston, et al., "The Future of VLBI Observatories in Space," M.LT. Radio Astron.

" i Contributions, 1982, No. 5.
Vi~ 11. R. Weiss, "Observations of the Cosmic Microwave Background,” Annual Rev, Astron. Astrophys.,
) 1882.
¥ ':_{ 12. C.H. Oxley, et al., "Q-Band Microstrip Techniques," |EEE Colloguium Digest, January 1982,
p 13. A.C. Briangon, "A 845 GHz Ga-As FET Amplifier," S.M. Thesis, Department of Electrical
P Engineering and Computer Science, M.|.T., May 1883.
& ; 14, C.H. Oxley, A. Peake, and R. Bennett, "Q-Band Ga-As FET Single Stage Amplifier," Electron.
x
et RLE P.R. No. 125 60
1'
)

B s e L e R T
AL ‘.,‘g,‘\;,‘,z l‘; ."'" '-’ - 3 O X

'y



I, A - T T Ve R S S T s
ELRNERA _-_.A\.,._._._.‘_.\._.._‘\_}

Microwave and Millimeter Wave Techniques

& '

14. C.H. Oxley, A. Peake, and R. Bennett, "Q-Band Ga-As FET Single Stage Amplifier," Electron.
Lett. 18, 6, (1982).

15. H. Mizuno, "Ga-As FET Mount Structure Design for 30 GHz-Band Low Noise Amplifiers," IEEE
Trans. Microwave Theory Tech. MTT-30, 6 (1982). |

61 RLE P.R. No. 125
. -..'w_."...';"..‘- RIS < ~n S “n _\ :\ '- ..v- L'\ '.'\ ~ : ~ “w ‘\ _ - "“ :f“_.'-..‘-:_.‘-_-.‘.‘_':j\"“_'

\ J.@M ) L Py



3 Microwave and Quantum Magnetics

13. Microwave and Quantum Magnetics

‘ Academic and Research Staft

I Prof. F.R. Morgenthaler, Prof. R.L. Kyhl, Dr. T. Bhattacharjee, D.A. Zeskind
K

. Graduate Students

M. Borgeaud, L. Hegi, C.M. Rappaport, N.P. Viannes

3

b
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Frederic R. Morgenthaler

4 Objective

Our objective is to develop an understanding of electromagnetic, magnetostatic, and

5 magnetoelastic wave phenomena and to employ them to create novel device concepts useful for
. microwave signal-processing applications. We are especially interested in developing novel device
§ concepts for the millimeter wavelength portion of the electromagnetic spectrum.

i

13.1 Millimeter Wave Magnetics

U.S. Army Research Office (Contract DAAG29-81-K-0126)
Frederic R. Morgenthaler, Robert L. Kyhl, Dale A. Zeskind

L LA

The Microwave and Quantum Magnetics Group within the M.L.T. Department of Electrical
., Engineering and Computer Science and the Research Laboratory of Electronics recently began a
é research program aimed at developing coherent magnetic wave signal processing techniques for
microwave energy which may form either the primary signal or else *he intermediate frequency (IF)

modulation of millimeter wavelength signals.

W v v s v .

Emphasis has been placed upon developing advanced types of signal processors that make use of
quasi-optical propagation of electromagnetic and magnetostatic waves propagating in high quality
single crystal ferrite thin films.

oy e
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Field displacement nonreciprocity can occur in the case of forward-volume waves that have strong
magnetostatic character. For millimeter wave frequencies, that generally require ferrite materials with
high magnetostatic anisotropy, we have investigated the nonresonant low bias field limit in which the
dominant frequency dependence of the Polder permeability tensor arises from the off-diagonal
component. As expected, when the modes have strong electromagnetic- and weak
magnetostatic-characters, it is more difficuit for bias gradients to induce the desired field
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Microwave and Quantum Magnetics

displacement nonreciprocity. Nevertheless, the analysis indicates which factors tend to maximize the
effect.

13.2 New Techniques to Guide and Control Magnetostatic
Waves

National Science Foundation (Grant 8008628-DAR)

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
U.S. Army Research Office (Contract DAAG29-81-K-0126)
Frederic R. Morgenthaler, Dale A. Zeskind, Larry Hegi

D.D. Stancil and F.R. Morgenthaler reported the propagation characteristics of magnetostatic
surface waves in a rectangular yttrium iron garnet film placed between strips of mumetal and in the
plane of the strips. The microstrip excitation structure was designed so as to permit the strips to
extend along the entire path of propagation, thereby minimizing field nonuniformities in the
longitudinal direction. These experiments suggest that nonuniform in-plane fields can be used to
alter the dispersion characteristics of the waves. A theoretical argument is also presented describing
a possible energy localization mechanism in nonuniform in-plane fields. In addition, experiments are
described in which nonuniform fields caused by a slot in a mumetal covering layer are used to guide
magnetostatic surface waves through a turn of 160°,

13.3 Optical and Inductive Probing of Magnetostatic
Resonances

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
Frederic R. Morgenthaler, Nickolas P. Viannes

During the course of his doctoral research, Nickolas Vlannes developed a new induction probe that
measures microwave magnetic field patterns of magnetostatic waves in LPE-YIG thin films. The
probe’s sensing element is either a strand of 25.4 um diameter gold wire wrapped around a plastic
support, or an aluminum rectangular loop photolithographicaily fabricated on glass. The goid wire
method yielded a smallest resolution of 120 pm and the aluminum loops achieved a smallest size of
45 um. Each sensing element is attached to rotation and tilt stages for proper alignment of the
sensing element. This assembly is mounted on a balance arm which is counterbalanced to minimize
pressure on the crystal and sensing element. The balanced arm is supported by a vertical translation
stage mounted on horizontal X-Y transiation stages with 2.5 um accuracy and total travel of one inch
inXandy.

The probe is designed for studies of amplitude profiles. dispersion relations and phase propagation
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R

direction. Investigations of magnetostatic surface waves (MSSW) under uniform and nonuniform
in-plane magnetic field conditions have been done.

HEEY,

13.4 Magnetostatic Wave Dispersion Theory

e e K3 os 43
P .. el

U.S. Army Research Office (Contract DAAG29-81-K-0126)
Joint Services Electronics Program (Contract DAAG29-80-C-0104)
Frederic R. Morgenthaler

™
CREAL L, Tad Y

F.R. Morgenthaler and T. Bhattacharjee analyzed magnetostatic surface wave (MSSW) propagation
on one or more co-planar rectangular films of finite width and gave numerical solutions using an
integral equation formulation. In the case of uniform in-plane bias, the eigenfrequencies and the 1
associated eigenvectors are obtained by solving the couples equations which determines the
frequency dispersion and spatial form of MSSW potentials. In addition to modes having the expected ;
localization of energy on the film surfaces, the results confirm the existence of certain modes having
primary energy concentration at the film edges.

The far~ess lion is also specialized to the case of two uniformly magnetized rectangular parallel 4
strips + ....ated by an air gap and coupled via the fringing fields of magnetostatic waves. The results s
should p: -ve useful in modelling directional couplers for MSSW.

OO s, AHEP

2 Ao Rl

13.5 Magnetoelastic Waves and Devices

oS N,

Joint Services Electronics Program (Contract DAAG29-80-C-0104)

3 National Science Foundation (Grant 8008628-DAR) ].
; Frederic R. Morgenthaler, Alan K. Wadsworth, Maurice Borgeaud i
) :
o N
» The S.M. thesis entitled "Improvements in the Design of Microwave Magnetoelastic Delay Lines," i
by Alan Keith Wadsworth is completed. The abstract follows: l

3 A linearly dispersive microwave delay line employing a non-linear axial magnetic field profile is
7% described. The delay line operates by utilizing the magnetoelastic interaction between spin waves g
and elastic waves in a magnetically saturated rod of Yitrium Iron Garnet (YIG). The linear dispersion i
is varied by magnetically controlling the spin wave dispersion relation. :
5 g
11 The theory of operation of the magnetoelastic delay line is reviewed. General equations allowing .
. for the creation of linear dispersion using non-linear axial magnetic field profiles are developed. The :
issues of wave conversion efficiency and spin wave ray path focusing are examined for non-linear I

field profiles. :
:
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Measurements made on a YIG delay line designed to produce linear dispersion using a non-linear
axial magnetic field are reported. The dispersion obtained agrees with theoretical predictions. The
insertion loss obtained was improved by 14-17 db over previous attempts using the same thin film
antennae. The operating range of the device was 2.1-2.6 GHz.

o
s
P

13.6 Microwave Hyperthermia Group

8 4
*

}‘\ Frederic R. Morgenthaler
X
a7 Objective
:* Our understanding of both physics and physiology is challenged in trying to optimize techniques
for heat production and for the thermometry associated with hyperthermia modalities used in
i connection with cancer therapy.
»:
s

Fundamental considerations are based on designing proper microwave applicators which must be
P able to handle the microwave power required to raise the temperature of the tumor. They must also
K minimize the amounts of microwave power being delivered to the healthy tissue or being radiated into
,.. free space.

f_tz 13.7 Design of Planar Arrays
3,\.

o National Institutes of Health (Grant 1 PO1 CA31303-01)
) Frederic R. Morgenthaler, Carey M. Rappaport, Tushar Battacharjee

e

:*:‘{ One needs to design an optimum antenna for focusing microwave energy at any preselected region
.Z; (which should be as small as possible). Usually, the points of interest lie in the Fresnel-region but
w because living tissues appear as lossy dielectrics to electromagnetic waves, the problem is severe.
f' Our program is only a few months old, yet initial progress has been made on the computer modelling
, f.. of microwave power deposition in biological tissue by radiation from annular ring arrays designed to
:-3'.: focus emctromagnetic power in a predetermined region. Those factors that limit the degree of
‘ﬁ focusing from a planar array have been examined in detail. Naturally, the loss of the tissue dominates
— the design and provides a fundamental barrier. For a given on-axis focal position, increasing the
_.,-5 aperture of a Fresnel-like lens beyond a certain vaiue is ineffective, this gives rise to a concept of
-;; :j:i array synthesis using "zones of influence”. This is made clear from the theoretical expression for the
‘4 complex electric field strength at the on-axis focal position z = z, produced by a circular-aperture of
o radius R that employs continuous radial phase correction to produce what is in effect a continuous
; Fresnel lens plate (which can be approximately realized in terms of step wise phase correction of
,}3 annular ring sections). If the amplitude of the (linearly-polarized) aperture field is € o then
5%
f\‘.’
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E,‘E‘ = (82, [E (az)-E (avVZ 7+ F?)]
-2 4 -am

]
+ @ [ e (13.1)

where i

0 _-u
E,(x) = f e_du forx>0
x u
when R— oo, Eq. (13.1) saturates at a value

_g:u = [(j—ﬁ)mzo Eyaz)) + e""o]

Since az°E1(az°) < e~ %%, it follows that the maximum enhancement that can be expected is

< _J 1_._(_2 )? o~z

the near equality holds for az, > 1.
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14. Radio Astronomy

Academic and Research Staff
Prof. A.H. Barrett, Prof. B.F. Burke, P.rof. J.W. Dreher, Protf. R.L. Kyhl, Prof. J.H.
Lang, Prof. J.R. Melcher, Prof. P.C. Myers, Prof. D.H. Staelin, Dr. D.H. Roberts, Dr.
P.W. Rosenkranz, Dr. M. Shao, J.W. Barrett, J.G. Kang, D.C. Papa

Graduate Students
A.D. Ali, B.R. Allen, J.T. Armstrong, C.L. Bennett, P.J. Benson, A.C. Briangon, M.M.
Colavitz, V. Dhawan, E.E. Falco, J.A. Garcia-Barreto, P.M. Garnavich, P.E.
Greenfield, S.M.A. Harton, J.N. Hewitt, J.M. Jackson, J.-S. Jin, J.J. Komichak, R.H.
Lamb, C.R. Lawrence, J.H. Mahoney, D.C. Murphy, K.S. Nathan, S.-M. Shih, J.M.
Sulecki, B.I. Szabo, J.V. Vallerga, W. Williams, Y. Yam

14.1 Microwave Spectroscopy of the Interstellar Medium

National Science Foundation (Grant AST 81-21416)
Alan H. Barrett

During 1982 the following programs of research on the interstellar medium were pursued:

1. A detailed study of the Sgr A molecular cloud, located approximately 5 arc minutes from the
galactic center and believed to be closely associated with the center, has been completed in the
microwave lines of NH,, HNCO, and C'™0. The £-band £-v maps in NH, and HNCO are very
similar, suggesting that both molecules are probes of high-density (10* cm™®, and greater) material.
The C'80 maps suggest a fairly uniform temperature throughout the cloud whereas a HNCO/C'%0
ratio varies by a factor of ten in the cloud. This variation is believed to be attributed to differences in
chemical composition within the cloud.

VLA observations of the NH3 J,K = 33 line reveal condensations within the Sgr A cloud whose
angular size is less than 5 arc-seconds, corresponding to a linear dimension of 0.25 pc, with
brightness temperatures of the order of 100 K. Only about 15%, or less, of the NH, appears to be in
identifiable condensations.

2. The Nl-l3 lines have been regarded as a fairly reliable "thermometer” of the interstellar gas
because the intensities of the hyperfine lines could be fit very closely with a single excitation
temperature. However, examples have now been found where this is not the case. We have found at
least five sources which exhibit hyperfine intensity anomalies. We hope to be able to correlate this
effect with other properties of the source, such as an IR source, high-velocity outflow, OH and/or
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H,o masers, etc.

3. The molecular clouds in the Taurus region have been studied in the CO line at 2.6 mm. A large
amount of data was acquired, using the 1.2 m telescope of Columbia University and the Goddard
Institute of Space Studies, and is not fully reduced. However, one significant conclusion is the
detection of a large shell of CO surrounding a group of T-Tauri stars. This shell may have originated
from the mass loss of the T-Tauri stars.

4, A deep, continuum study of the Sgr A molecular cloud with the VLA at 6 cm and 2 cm has
revealed the presence of both thermal and nonthermal sources in the cloud. These sources were
previously undetected but their relationship to the cloud is quite clear since they have a positional
coincidence with the NHa peaks in the cloud. Further studies are planned.

14.2 Galactic and Extragalactic Radio Astronomy

National Science Foundation (Grant AST80-22864)
Bernard F. Burke

Gravitational Lenses

The work of Greenfield, Roberts, and Burke on VLA studies of the double quasar 0957 + 561 is
nearing publication. This massive study, which consisted of observing the object at wavelengths of 2,
6, 18, and 21 cm, covered the period June 1979 - December 1980, and included studies of the
spectra, polarization properties, and gravitational lens properties of the object, was summarized in the
thesis of P.E. Greenfield as follows:

1. The radio map gives more constraints on possible lens models, and the only acceptable
models fall within a narrow range of parameters. The original "double ellipsoid” model is
unacceptable, but by relocating the mass associated with the foreground cluster and
changing its scale length, a satisfactory fit can be found to the data.

2, Time variations seem to have occurred during the early periods of observation that may
give an interesting new class of cosmological measurement.

3. The two quasar images are polarized, and exhibit different rotation measures. The
rotation measure of the B quasar, which is seen shining through the giant cD galaxy in
the foreground, is greater by 100 rad/m?2, implying an average magnetic field of
about 1 4G through a 102 el/cm® pathiength of 10* pc, which seems remarkably high.
We are investigating the anomaly further.

in May 1682, we reobserved the object with the additional collaboration of J.N. Hewitt and A.K.
Dupree. The B and G images show. irregularities that are consistent with those present in the
December 1960 data. Now, with the perfection of self-calibration routines at the VLA; we have been
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Radio Astronomy

able to improve the results greatly. Greenfield's model (developed in 1981) predicts the observed
anomaly in the B image, and the extended nature of the G source, partly associated with the galaxy, !
has raised interesting questions about the nature of the third image. '

P

B

’x, We have also been reexamining the mass models, and continuing our time-variation studies of the

‘ quasar images. We believe that the double quasar data now gives the best-defined value of the !

" mass-to-light ratio ever determined for a cluster of galaxies.

o Y
£ 1
K : : '
X 14.3 Interacting Galaxies 1
K {

The pair of galaxies NGC 4038/39 (known as "the antennae”) have been observed at 21 cm by the

VLA in both the C and D arrays. Theoretical studies are now in progress to use these new data to .
derive the orbital history of the pair of galaxies, and to see if the combined morphological and velocity
field information can also give new data on massive halos associated with the galaxies (a massive
halo gives a softening of the galactic gravitational field when test particles travel close enough). So
far, we conclude that: t

a2 aa

i s SRS

1. The conventional interpretation is not an accurate representation, since one long tidal
arm for each galaxy is not consistent with the dynamics that the new data demand (the
work of Toomre and Toomre was, after all, only intended to be a first demonstration of the .
reasonability of forming long tails by tidal interactions). ]

5T

{ 2. The only long arms probably are connected to only one of the two galaxies. !
;E’ 3. The orbital history of the interacting pair can probably be specified with some precision. k
‘e R
The final purpose, the search for evidence for a massive halo, will require the completion of the F
5 orbital analysis before a definitive statement can be made.
14.4 The 6 cm Radio Survey ;
- The next step has been to observe the entire band of sky between ~3° and +20° with the 300-t. -
transit telescope of the NRAO. This survey has now been completed and consists of analysis of the
: gain of the 300-it. telescope as a function of position and time, and of the time variability of the 123

calibrator sources. p
2 14.5 Morphology and Optical Identifications
We have been able to derive a list of 1000 sources for detailed study from the MA survey. These

" were observed with the VLA at 6 cm to get accurate positions, and 992 of the source positions were

measured on the Palomar Sky Survey Plates for optical identifications. This work formed the Ph.D.

. thesis of C.R. Lawrence at M.I.T. A number of interesting conclusions can be drawn from this work, ,
? which is the largest single optical identification study yet undertaken: .
3,

2
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1. 50% of the sources having flux greater than 150 mJy, and 39% of those fainter than 150
mJy, have visible optical PSS counterparts.

2. 45% of the sources have flat spectra (ja| < 0.5). Roughly 2/3 of these have optical PSS
counterparts.

3. The steep spectrum sources only have an identification rate of 30%, and the empty field
sources tend to have the steepest spectra.

4. Aimost half the observed sources are unresolved with the VLA.

5. The easily recognizable class of double radio sources has the lowest PSS identification
rate (15%). These exhibit separations ranging from 0.3 to 100 arc-sec. Many of them are
undoubtedly distant radio galaxies, some are probably quasars. If the morphology can be
better understood, these may prove to be a most interesting cosmological probe.

6. An easily recognizable class of triple sources has been found, and a surprising fraction
(80%) have PSS counterparts, setting them aside most clearly from the double class
" discussed above. Their spectral indices are unusually steep.

7. There is no correlation between radio spectral index and likelihood of identification.

8. Over 25% of all steep spectrum sources are less than 1 arc-second in size. These have a
PSS identification rate of 42%, higher than for extended steep-spectrum sources, but
much lower than for unresolved flat-spectrum sources. .

14.6 Interstellar Masers

The study of the full Stokes parameters for the OH maser W30H has been completed, and is nearly
ready for publication. The magnetic field is remarkably uniform for these maser sources; the field for
all 8 clear Zeeman pairs is 5 + 1 gauss, and pointing away from us in all cases. The follow-up
experiment, performed February 1982, is still in the reduction process.

14.7 VLBI Studies
A 327 MHz VLBI experiment, in collaboration with R. Simon of NRL and others, is being planned for
October 1883, and we will take responsibility for the Haystack electronics and operations.

Polarization studies of continuum sources at milliarcsecond resolution have been carried out in
collaboration with D. Roberts of Brandeis. The first experiment was successful, and the data have
been reduced at Brandeis. A new experiment, to be carried out in late 1883, is being prepared for.

The 7-mm cooled mixer that was built by B. Allen as part of his Ph.D. thesis in Electrical
Engineering at M.I.T. has been operated on the Haystack radio telescope successfully. The first tests
were made in the single~dish mode, observing Si0 masers as test sources. The total single-sideband
system temperature was 350 K, with a device temperature of 250 K. The NRAO maser is less noisy,
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but has a far narrower instantaneous bandwidth. New devices now on the bench will undoubtedly
replace this mixer eventually, but it is currently the best fully operable 7-mm mixer on any radio

telescope. A VLBI experiment at 7-mm is currently being planned jointly with K. Johnston of NRL.

14.8 Planned Program, 1983-84
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1. The gravitational lens work will emphasize continued studies of 0957 + 561, plus a new
program to look for many more gravitational lens examples. We plan to examine 3000
sources with the VLA, and expect 5 to 10 new examples of gravitational lenses. It turns
out that the "snapshot"” ability of the VLA makes it far more advantageous to use the VLA
to find the candidates, followmg up later with optical verification, than the other way
around.

2. The studies of interacting galaxies will continue. The NGC4038/39 work will now
emphasize theoretical studies, while we will be proposing VLA 21-cm line studies of new
candidates.

3. The MG survey will be completed. We have proposed a new section of the survey, to
cover declinations 20° to 50°, since our extensive software library will allow us to extend
the survey with very little expenditure of manpower.

4, Correlations of radio and optical properties of radio sources will continue. Here, the work
of Lawrence et al., has generated an exciting new range of projects. The highest priority
will be to obtain redshifts of a number of sources (only 21 of the 602 sources studied have
measured redshifts). One sharp result of Dr. Lawrence’s work is the derivation of the
number of measured redshifts needed to distinguish between pairs of models presented
by Peacock and Gull (MN 195, 611 (1981)). Strong sources (5§ GHz S > 1 Jy) cannot do
the job, because more scurces would be required than cxist in the sky; only by going to
fluxes in the range 50-150 mJy can there be a reasonable expectation of distinguishing
models.

5. Work on VLBI studies of interstellar masers will continue, but the emphasis of the work
will ghift to Hzo and SiO masers.

6. The continuum VLBI work will consist of 4 parts: collaboration with the Brandeis group
on polarization studies will continue, 7-mm VLBI techniques, still in developmental
stages, will be pursued, low-frequency VLBI will continue at 327 MHz while we prepare a
still longer-wavelength experiment, and the new initiative described under (7) below will
require VLBI observations in many cases.

7. The morphological and identification work of Lawrence has generated a new class of
radio and optical projects. There are 318 point sources, of which 175 have OSS
counterparts. Over half of these are almost certainly quasars, and these constitute the
largest radio-selected sample currently available. The taking of spectra of these will
require collaborators, who are currently being sought out. The 92 double sources, mostly
have no PSS counterpart, will be examined at other frequencies with the VLA, and
searches for faint optical counterparts down to m =~ 24 will be carried out with the
MASCOT CCD at the McGraw-Hill Observatory. There are 46 sources in a category
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\ called "core-double”. These doubles with an obvious nuclear source near the mid-point
b (and ctearly distinguishable from the "triples”-—there are only 15) will receive immediate
' optical follow-up. Finally, we are planning to use the Arecibo telescope to reobserve all
1000 sources in our VLA sample at 21 cm to obtain a set of uniform spectral indices. The
fluxes will be directly comparable with the 300 ft. 6 cm measurements since the
3 beamwidths are about the same size.

14.9 Jovian Decametric Radiation

National Aeronautics and Space Administration (Contracts S-10665-C and NAGW373)
David H. Staelin, Philip W. Rosenkranz, Peter M. Garnavich

3 The Planetary Radio Astronomy (PRA) experiment on the Voyager 1 and 2 spacecraft observed
Jovian decametric radio emission in 198 channels distributed over the band from 1.2 kHz to 40.5 MHz.
"Arcs" in the frequency-time domain have been associated with radio emission near the local
¥ electron-cyclotron frequency with a hollow conical emission pattern. Theory suggasts that such
conical emission might be produced by magﬁetospheric currents generated by the satellite lo as it
traverses the magnetospheric fields. These currents, on the order of 10° amps, are believed to
propagate in an Alfvén wave that is reflected repeatedly between the northern and southern Jovian
; ionospheres. These currents traveling along the magnetospheric field lines should be spaced in
' Jovian longitude by an amount that depends upon the Jovian magnetic field strength and the plasma
density in the magnetosphere, which is dominated by the plasma located in the "plasma torus"”
produced near the orbit of lo by volcanic activity. It would be natural to associate the spacing of the
Jovian arcs with the spacing between the separate reflections of the lo-generated currents.

o

o, Ko 2

) In part to test this hypothesis a catalog of 200 arcs and 200 arc gaps was constructed from the
¥ Voyager 1 and Voyager 2 decametric data. Work began on relating these observed arc
characteristics to the Alfvéen-wave model.

T oa

Jovian S-bursts, in contrast to the Jovian arcs, have durations on the order of milliseconds.
Certain S-bursts that are V-shaped in the frequency-time domain were studied theoretically and were
successfully explained as arising from dense bunches of coherent electrons produced by ~ 10 Hz
longitudinal modulation of ~ 1 keV superimposed on outward-moving ~ 2.5 keV electron beams
moving in or near the lo magnetospheric flux tube. This ballistic model for S-bursts suggests the
degree of coherence in the emitting electrons, a lower boundary for magnetospheric ion densities,
and an interpretation for the origin of L-burst emission.

[]

P A

References

; 1. D.H. Staelin and P.W. Rosenkranz, "Formation of Jovian Decametric S-Bursts by Modulated
Electron Streams,” J. Geophys. Res. 87, pp. 10401-10406, Dec. 1, 1882.
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14.10 Long-Baseline Astrometric Interferometer

National Science Foundation (Grant AST79-19553)
M.I.T. Sloan Fund for Basic Research
Michael Shao, David H. Staelin, M. Mark Colavita, Peter M. Garnavich

During 1982 the Mark Il optical astrometric interferometer was successfully used to track stellar
fringes for the first time at Mount Wilson Observatory in California. This instrument has two 10-inch
siderostat mirrors 3.4 meters apart in a north-south direction. Within the ~ 2-inch aperture the
positions of red and blue fringes are independently estimated every ~ 2-10 ms, thus permitting the
state of the atmosphere to be measured and compensated over time intervals sufficiently short that
the atmosphere can be considered "frozen".

it was discovered that the instrument was too narrowband to permit the two—-color technique to
work successfully. This was due to a defective beamsplitter and mirrors that were degraded in the
blue portion of the spectrum. It further appeared that the optical dispersion in the two bands of the
interferometer were slightly mismatched, which reduced fringe visibility. These deficiencies are now
being corrected.

The primary purpose of the Mark It experiment is demonstration and evaluation of the two—color
technique for obtaining relative astrometric positions accurate to ~ 10° arc sec rms for stellar
separations < ~ 1°. Experiments to demonstrate wide angle (> 10°) and absolute astrometry are also
being pianned for the Mark Il instrument in collaboration with the Naval Research Laboratory. Future
versions of the interferometer are expected to achieve 10 arc sec relative position accuracy over
1-2* gtellar separation, which would be adequate to detect a Jupiter near a one solar mass star at a
distance of several parasecs, with a signal-to-noise ratio of ~ 10.

14.11 Tiros-N Satellite Microwave Sounder

National Oceanic and Atmospheric Administration (Grant 04-8-M01-1)
Philip W. Rosenkranz, David H. Staelin, Krishna S. Nathan

The National Oceanic and Atmospheric Administration (NOAA) routinely reduces data from one or
two operational polar orbiting weather satellites; these now carry infrared spectrometers and a
four-channel passive microwave spectrometer (MSU) for the purpose of mapping the
three-dimensional temperature field of the atmosphere at six- or twelve-hour intervals. The purpose
of this research program is continued improvement in the utilization of the passive microwave data
produced by these NOAA sateliites.

Work continued on a study of the growth of initial-state errors in numerical weather prediction
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models. These experiments used the National Center for Atmospheric Research computer. The
method involved the addition of perturbing functions to the initial wind and temperature fields. A
class of test functions was found which avoids the generation of gravity waves in the model. On
October 1, 1982, support for this work was switched to NASA Grant NAGS-10.

A two-dimensional temperature profile retrieval algorithm was written and tested for MSU data.
The two dimensions are vertical and along the satellite track. This algorithm is a minimum-mean
square error spatial filter of the type described in Ref. 1. It showed lower temperature errors than a
comparable one-dimensional (vertical) retrieval, even when instrument noise was subtracted from the
one-dimensional refrieval errors. This improvement was attributed to the additional information
introduced by horizontal correlation of atmospheric temperature statistics.

References

1. P.W. Rosenkranz, "inversion of Data from Diffraction-Limited Multiwavelength Remote Sensors, 1,
Linear Case," Radio Sci. 13, 1003-1010 (1978).

14.12 Improved Microwave Retrieval Techniques

National Aeronautics and Space Administration (Grant NAG5-10)
Philip W. Rosenkranz, David H. Staelin, Krishna S. Nathan

This program is directed toward deveiopment of improved techniques for retrieval of atmospheric
temperature, wind, and humidity fields from passive microwave measurements of the earth, as
obtained from satellites.

Work on a robust scheme for retrieval of water vapor profiles from measurements near 183 GHz
was concluded this year. The results were published in Ref. 1.

Studies of the growth of errors in a numerical weather prediction model were shifted from NOAA
support to support by this grant during the year. The purpose of this work is to understand how initial
errors introduced by remote sensing systems impact forecasts, and the implications for design of
global monitoring sytems incorporating satellite sensors. In a preliminary series of numerical
experiments run on the National Center for Atmospheric Research computer, we found that the initial
wind error was most important in determining the growth of forecast error with time. Temperature
forecast errors were largely produced by differential advection of temperature in the perturbed
forecast relative to the unperturbed forecast. A second conclusion was that the forecast error can be
equated to a superposition of error fields due to components of the initial perturbation field, for a few
hours, and for initial wind errors ¢ 2 m/s.

References

1. P.W. Rosenkranz, M.J. Komichak, and D.H. Staelin, "A Method for Estimation of Atmospheric
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Water Vapor Profiles by Microwave Radiometry,” J. Appl. Meteor. 21, 1364-1379 (1982).

14.13 Scanning Multi-Channel Microwave Radiometer (SMMR)

National Aeronautics and Space Administration (Contract NAS5-22929)
Philip W. Rosenkranz, David H. Staelin, Xi Ru Xu

On October 24, 1978, the Nimbus-7 satellite was launched into polar orbit carrying the Scanning
Multi-Channel Microwave Radiometer (SMMR) and other instruments. SMMR separately measures
vertically and horizontally polarized terrestrial thermal radiation at wavelengths of 0.81, 1.4, 1.7, 2.8,
and 4.6 cm. The mechanically scanned antenna maps all 10 channels completely over a 780-km wide
swath beneath the spacecraft with a ground resolution ranging from ~ 30 km to ~ 150 km, depending
on wavelength. During 1982 contributions were made to the retrieval algorithm to be used
operationally for estimates of global water vapor abundance over ocean. A method for estimating
atmospheric water vapor over the highly refiecting polar icecap and terrestrial ice sheets was also
developed. Some evidence was found for the creation of humid air masses over and downwind of
major transient polynyas in the north polar icecap. Three of the SMMR frequencies were also used
independently to estimate snow accumulation rates in Antarctica, and the resulting maps were found
to be in reasonable agreement with each other and with in situ observations.

14.14 Video-Bandwidth Compression Techniques

Defense Advanced Research Projects Agency (Contract MDA 903-82-K-0521)
David H. Staelin, Donald E. Troxel, Alan S. Willsky, Ali D.S. Ali, Biswa Ghosh, Katherine H. Lambert,
Joan M. Sulecki

During 1982 significant progress was made on the design and fabrication of a video input/output
port for the Nova—4 computer. It will be capable of displaying 8-bit monochrome video images as
large as 128 x 240 pixels; a 4-bit option permits up to 256 x 240 pixels per frame, and data can then be
transferred at twice the normal rate. The normal rate of data transfer between the frame store system
and the disk memory is ~ 320 kbps. The input/output devices include a monochrome video camera
and a monochrome video monitor.

Two major techniques for image coding are being explored initially. These are adaptive two-band
coding and morphological coding. In two-band coding the images are separated into high frequency
and low frequency components which are then quantized differently; typically 6-8 bits and 0-2 bits
are employed for the low and high frequency components, respectively. Morphologically coded
images are decomposed into their major morphological elements which resemble the brush strokes of
an artist. This study includes analysis of methods for performing the decomposition and

77 RLE P.R. No. 125




LR U IR I e L IR R L S, G5 LR E W Mom om S e L R aore. D

Radio Astronomy

reconstruction of the images, and of the "ambiguity noise" which resuits when arbitrary choices must
be made between different representations which are similar in appearance.

The primary objective of this work is to develop a better understanding of the intrinsic limits to the
coding of full-motion head-and-shoulders monochrome images for videophone applications. Coding
techniques appropriate for image transmission in the range 9.6-56 kbps are being developed and
studied.

14.15 Communications Satellites

Intelsat (Contract intel-188)
David H. Staelin, Ali D.S. Ali

AR A
- ad e

g During 1882 previously developed cost models for various network elements were explored to
improve understanding of minimum cost architectures for large integrated satellite and terrestrial
communications networks appropriate for the period 1990-2000. Optimum architectures were
: determined as a function of system traffic capacity (typically 0.5-30 Gbps), the total area of coverage
3 (typically 1-64 x 108 km"'), and other variables. Major parameters of both TDMA and FDMA
architectures at 4/6, 12/14, and 20/30 GHz were optimized; these parameters included the number
of ground stations, number of satellite beams, number of orbital slots, transmitter power, and others.

i e S

o
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- 14.16 Electrostatically-Figured Membrane Reflector

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
Lockheed Missiles and Space Company (Contract LS90B4860F)
Jetfrey H. Lang, Timothy L. Johnson, David H. Staelin, Yeung Yam, Shih-Ming Shih, William C. Karl

PoridiSaied 3 vawEe

f" This project is directed toward the theoretical development ™ and experimental
evaluation®388:10-13 o¢ control systems for large space structures. The theoretical development has

: concentrated on the design of control systems which can stabilize open-loop-unstable

N structures’38191  and can operate successfully in the presence of actuator and sensor

P spillover.*579.11-13 The experimental evaluation of these control systems has been performed on a H
:,j laboratory-scale large space structure involving an electrostatically-figured membrane reflector

K1l
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‘-‘ (EFMR) 2 m in diameter. Concurrently, this project is directed toward the development of the EFMR
b for use in space-based antennas. 3581112
1 The EFMR concept utilizes electrostatic force distributions to shape a flexible conducting
: membrane into a reflector with the desired figure. The EFMR is specifically designed to permit the
:;". construction of self-deployable, low-mass antennas with reflector diameters between 30 m and
300 m. A 300 m antenna constructed with an EFMR should have a mass near 3000 kg. Further, based
% upon models of EFMR electromechanical dynamics, it appears that the EFMR could exhibit a
M diameter-to-surface-tolerance ratio between 10° and 10° with a focal-length-to-diameter ratio of
q i unity or less. This surface tolerance results in diffraction-limited antenna beamwidths of 60 arc-s to 6
4 arc-s, and appears achievable with fewer than 100 electrostatic force actuators and reflector figure
< sensors. 3
¥ :
Due to the flexibility of the reflector, active reflector figure control is necessary. The design of the .
35 requisite control system has been the main concern of this project. In particular, two aspects of

EFMR figure control have been examined closely: the stabilization of open-loop-unstable EFMR's,
and the effects of actuator and sensor spillover on closed-loop EFMR figure control. The generality
: i of this research has been preserved so that it can be applied to other large space structures. The
EFMR equilibrium figure is capable of supporting propagating-wave distwhances and
Rayleigh-Taylor instabilities. Although the instabilities can be avoided, they are present with the most
advantageous EFMR geometries. Consequently, their stabilization is essential. A control system
which achieves their stabilization has been successfully designed and experimentally demonstrated.
It is also important to suppress EFMR figure disturbances. A control system designed for this task,
and that of EFMR stabilization if necessary, is generally based upon a finite-dimensional EFMR
model. The actual control system, however, must interact with the neglected EFMR dynamics
through actuator and sensor spillover, which may destabilize the closed-loop control system. To
contend with this, an analysis of spillover has been performed which has led to control system design
constraints which, if applied, generally guarantee the closed-loop stability of the EFMR figure control K
system. The success of the constraints has been experimentally demonstrated.
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Electromagnetic Wave Theory & Remote Sensing

15. Electromagnetic Wave Theory and Remote
Sensing

Academic and Research Staff
Prof. J.A. Kong, Prof. R.L. Kyhl, Dr. W.C. Chew, Dr. R.-S. Chu, Dr. H.K. Liu,
Dr. M.A. Zuniga, H.-Z. Wang, X. Xu

Graduate Students
S.-L. Chuang, T.M. Habashy, Y.Q. Jin, J.K. Lee, S.L. Lin, D.W. Park, S.Y. Poh, A.
Sezginer, R.T.l. Shin, F.J. Vallese

15.1 Electromagnetic Waves

Joint Services Electronics Program (Contract DAAG29-80-C-0104)
Jin Au Kong, Tarek M. Habashy, Soon Yun Poh

2 microwave

Electromagnetic waves are studied with applications to microstrip antennas."
integrated circuit problems,s'5 geophysical subsurface probing.s'7 and scattering from helical
structures.® 10 Radiation and resonance characteristics of the annular-ring microstrip antennas and
two coupled circular microstrip disk antennas are studied rigorously using numerical techniques,
matched asympotic analysis, and newly developed Hankel transform analysis. The classical subject
of dipole antenna radiation in the presence of stratified earth as applied to geophysical probing is
studied. A new double-deformation technique has also been developed to analyze transient
electromagnetic phenomena. Electromagnetic wave scattering from helical structures has been
studied using physical optics and modal approaches. Also, the Smith-Purcell radiation problem is

solved taking into account the penetrable properties of metallic gratings.'"

15.2 Remote Sensing with Electromagnetic Waves

National Science Foundation (Grants ENG78-23145 and ECS82-03390)
Jin Au Kong

Remote sensing with electromagnetic waves has been studied with the theoretical models of
random media, discrete scatterers, and random distribution of discrete scatterers. These models are
used to simulate snow-ice fields, forest, vegetation, and atmosphere.'?''® Scattering and emission of
electromagnetic waves by such media bounded by rough interfaces are investigated.'’"?? Multiple
scattering effects of electromagnetic waves by a half space of densely distributed discrete scatterers
are studied. % The quasi crystalline approximation is applied to truncate the hierarchy of multiple
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Electromagnetic Wave Theory & Remote Sensing

scattering equation and the Percus-Yevick result is used to represent the pair distribution function.
The strong fluctuation theory is also applied to the study of electromagnatic wave scattering by a
layer of random discrete scatterers. 228

15.3 Acoustic Wave Propagation Studies

Schlumberger-Doll Research Center
Jin Au Kong, Shun-Lien Chuang, Soon Yun Poh, Apo Sezginer

Multiple scattering of acoustic waves by random distributions of discrete scatterers has been
studied with the use of quasi crystalline-coherent potential approximation and Percus-Yevick
equation.m The same technique is also used to study electromagnetic wave scattering by unbounded
and hali-space of densely distributed discrete scatterers.®®2? in addition, the radiation and
resonance of microstrip line structures,35 geophysical subsurface probing by dipole antennas 87
and scattering of waves from helical structures® ' have been studied.

15.4 Remote Sensing of Vegetation and Soil Moisture

National Aeronautics and Space Administration (Contract NAG 5-141)
Jin Au Kong, Robert T. Shin

in the remote sensing of vegetation and soil moisture, the scattering effects due to volume
inhomogeneities and rough surfaces play a dominant role in the determination of radar
backscattering coefficients and radiometric brightness temperatures.'$22% The strong fluctuation
theory for electromagnetic wave propagation in a random medium with large variance of permittivity
function is developed.?*® This is particularly pertinent for vegetation canopy since the contrast of
permittivity between vegetation, which is essentially water droplets, and air is very large. For row
structures in plowed vegetation fields, we have developed a modal theory with the extended boundary
condition approach to study electromagnetic wave scattering and emission.'’ 2 These theoretical
models have been used to interpret the experimental data collected from vegetation fields, 14

15.5 Passive Microwave Snowpack Experiment

National Aeronautics and Space Administration (Contract NAS5-26861)
Jin Au Kong, Robert T. Shin

A multi-frequency microwave radiometer with wavelengths ranging from 8 mm to 4.6 cm was used
to study the microwave thermal emission from snowpacks in the Sleepers River Valley of Northeastern
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Vermont.2'32 The radiometer used was an "Engineering Model" of the Scanning Multichannel
Microwave Radiometer (SMMR), flown on the Seasat and Nimbus-7 satellites. Due to the weather
cycles in the area, there were prominent ice layers embedded in the snowpacks. These ice layers
cause the interference effects which modify the emission characteristics of the snowpack. Analysis
of the preliminary results indicate that the incidence angle dependence of the brightness temperature
of the snowpack containing the ice layers is quite different from that of more ‘homogeneous
snowpacks typical of Rocky Mountains.

15.6 Remote Sensing of Earth Terrain

National Aeronautics and Space Administration (Contract NAG5-270)
Jin Au Kong, Robert T. Shin

Extensive work has been accomplished in the development of theoretical models that account for
absorption, scattering, layering, and rough surface effects of earth terrain.'>?>% Electromagnetic
wave scattering and emission from periodic surfaces have been solved using a rigorous modal
theory.'’®'® The results satisfy the principles of reciprocity and energy conservation and include
shadowing and multiple scattering effects. Active and passive remote sensing of atmospheric
precipitation is studied with the vector radiative transfer equations.'?'® Electromagnetic wave
scattering from a layer of random discrete scatterers has been studied with the strong fluctuation
theory?® and the quantum mechanical potential approach.?¢%
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Electronic Properties of Amorphous Silicon Dioxide

16. Electronic Properties of Amorphous Silicon
Dioxide

Academic and Research Staff
Prof. M.A. Kastner, S. Oda

Graduate Students
J.H. Stathis

Joint Services Electronics Program \ ontract DAAG29-80-C-0104)
Marc A. Kastner

The objective of this program is to study the electronic properties of amorphous SiO2 (a—SiOz)
using pulsed laser excitation. There is a great deal of evidence that many of the optical and transport
properties of this technologically important material are dominated by defects. Electron spin
resonance experiments have identified a number of radiation-induced defects and certain types of
detects present in unirradiated bulk a—SiOz and fitms of a-SiO2 thermally grown on Si. Our work over
the past several years has identified a number of photoluminescence (PL) bands which probably
originate at intrinsic defects. The PL may be a more sensitive probe of the defects than other
techniques.

One major goal of our current research is to determine which of the several PL bands we observe
arises at the same, and which at different, PL centers. To do this we are carrying out time-resolved
PL measurements at a variety of temperatures for a—SiOz prepared in a number of different ways. The
time-resolved spectroscopy allows us to unambiguously identify PL bands by their different decay
rates. The temperature dependence of the PL decay is important because it can provide information
about whether two different PL bands can originate at the same defect. The excitation~energy
dependence of the intensity of the various PL bands will also help to differentiate among PL centers.

The preparation of the glass, however, is the most direct probe of which bands arise at different
centers. Neutron irradiation, for example, increases the intensity of some PL bands but not others.
During the past year we discovered that our molecular flourine laser causes photo-induced optical
absorption (PA) in a-SiO, and simultaneously enhances some of the PL bands. This may provide
another means of correlating the various bands. We are also preparing to measure the time
dependence of PA. Such measurements have proved very important in the study of the narrower

band-gap chaicogenide glasses.

We have also begun studies on thermally grown oxide films. We have made a preliminary
observation of PL from a 1 um thick film of a—SlOz grown on single crystal Si at Lincoln Laboratory

&7 RLE P.R. No. 125

B A il n T e
B ey NN GOn

"?ﬁ' A8 NN,




re e s et e o) SR v i A - Yu. A WINRY SMBAGIIAS SR At it i s i il ty i . (%A S LR 0 e, Al AR St I

i ;

; 2

& -~

3 -

q Electronic Properties of Amorphous Silicon Dioxide "ﬂ
Transient photoconductivity experiments on a-SiO2 using the same films as well as bulk samples are %
beginning. Theoretical work on the interpretation of such photoconductivity experiments has led to -1

\ interesting predictions for the experiments.

;s Publications

; Kastner, M.A., "Dielectric Relaxation and Delayed-Collection Field Experiments in Amorphous

* Semiconductors,” Solid State Comm. 45, 191 (1983).
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i 17. Photon Correlation Spectroscopy and
3 Applications

Academic and Research Staff )
Prof. S.-H. Chen )

Graduate Students
M. Kotlarchyk, Y.S. Chao, C. Mizumoto, E. Sheu

:
{

17.1 Research Program

National Science Foundation (Grant PCM81-11534)
Sow-Hsin Chen

AT e £y
R SR RS

A high-resolution spectroscopic technique based on scattered light intensity fluctuation R
measurement has been in use for some time. Our method is a variation of the digital time-domain
pulse correlation technique using a 266-channel clipped correlator developed in the laboratory. The
correlator-muitichannel memory system is controlied by a PDP 11/MINC computer system which is
capable of high-speed data acquisition and analysis necessary for the study of time-varying
phenomena.

—+

W N o,

We have developed theoretical methods to calculate quasi-elastic light-scattering spectra from )
celis undergoing Brownian motions or self-propelled motions in liquid media. The methods have
been successfully tested with a model bacterium Escherichia coli, and applicability of the model
calculation to cells of dimensions of the order of a micron has been ascertained. The photon
correlation technique is further developed to incorporate a flow method which permits Js to study
" time-dependent phenomena with a temporal resolution greater than the tme taken for the
accumulation of the correlation function. The combined theoretical and experimental progress now
enables us to perform the following three categories of experiments: K

oG SR

R ARNEILY .

1. Motility characteristics of bacteria in response to external stimuli such as light and
chemical

SRR F iy

2. Study of traveling-band formation of bacteria as a result of chemoiaxis

3.Study of conformational change and denaturation of globular protein induced by :
amphiphillic molecules 3

4. Study of Brown Dynamics in strongly interacting colloids
Recently another powerful technique has been brought into our study of macromolecular solutions. "
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Small angle neutron scattering has been demonstrated by us to be an exceptionally versatile tool for
studies of structure and interactions of strongly interacting colloids. Active experimental program is
being pursued at small angle scattering centers at Oak Ridge and Brookhaven National Laboratories.
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Kotlarchyk, M., S.-H. Chen, and J.S. Huang, "Temperature Dependence of Size and Polydispersity in 7
a Three Component Microemulsion by Small Angle Neutron Scattering,” J. Phys. Chem. 88, g
3273 (1982).

Bendedouch, D., S.-H. Chen, and W.C. Koehler, "Structure of lonic Micelles From Small Angle
Neutron Scattering,” J. Phys. Chem. 87, 153 (1983).

Bendedouch, D., S.-H. Chen, and W.C. Koehler, "Determination of Interparticle Structure Factors in
lonic Micellar Solutions by Small Angle Neutron Scattering,” J. Phys. Chem. 87, 262! (1983).

Bendedouch, D. and S.-H. Chen, "Study of Intermicellar interaction and Structure by Small Angle
Neutron Scattering,” J. Phys. Chem. 87, 1653 (1983).

Bendedouch, D. and S.-H. Chen, "Structure and Interparticle Interactions of Bovine Serum Albumin
in Solution Studied by Small Angle Neutron Scattering,” J. Phys. Chem. 87, 1473 (1983).

Kotlarchyk, M., S.-H. Chen, and J.S. Huang, "Critical Behavior of a Microemulsion Studied by y
Small-Angle Neutron Scattering," Phys. Rev. A 28, 508 (1883).

Chen, S.-H., C.C. Lai, J.Rouch, and P. Tartaglia, "Critical Phenomena in a Binary Mixture of
n-hexane and nitrobenzene: Analysis of Viscosity and Light Scattering Data,” Phys. Rev. A '4

27, 1086 (1983). Y
3

h e e e e
asa A g’y

¥
&
‘.
-
L
<
vy
-

- ) ’.;

RLE P.R. No. 125 90
"
&
L o S SR g AT R I NP T a Ve . e atecm WM m e . s =
B A A A T o AT DT T WL AL TN L e R LT T PRI

B '-'.',*..-5, < o ,\_ﬁ'-. P Sl

WRAh ey e SRR
Al v e/ 3 »

-
-




Submicron Structures Fabrication & Research

18. Submicron Structures Fabrication and "
Research {
1

Academic and Research Staft
Prof. H... Smith, Dr. A.M. Hawryluk, Dr. J. Meingailis, Dr. C.V. Thompson, ;
D.P. Chen, T. Yonahara ’

Graduate Students
E.H. Anderson, H.A. Atwater, S.Y. Chou, S.S. Dana, C.J. Keavney, R.F. Kwasnick,
H. Lezec, M. Schattenburg, J.A. Stein, A.C. Warren

18.1 Submicron Structures Lab

The Submicron Structures Laboratory at M.1.T. is developing techniques for fabricating surface
structures of nanometer to micrometer linewidths and using these structures in a variety of research
projects. This laboratory contributes to an expansion of microsystems research at M.L.T. Submicron
structures fabrication has become a distinct discipline with a world-wide and growing community of
practitioners. Fabrication techniques include various forms of lithography (optical, electron beam,
x-ray, ion beam), etching (aqueous, reactive plasma, sputtering), growth (oxidation, plating, epitaxy),
and deposition (evaporation, chemical deposition, sputtering). With these techniques it is possible to
fabricate experimental structures with minimum feature sizes smaller than certain characteristic
distances important in a variety of scientific fields (e.g., coherence length, mean-free-path,
wavelength, grain size, domain size, living-cell diameter). For example, metal wires with widths below
10 nm can be fabricated, and electrical conduction in such structures studied. New insights are
needed to understand the behavior of matter at such small dimensions.

Although the scientific applications at small dimensions have motivated some of the research on
submicron structures fabrication, the main driving force has come from the integrated circuits
industry. Much activity is aimed at developing the technology and the scientific understanding that
will bring integrated electronic devices into the submicron domain. The hope is that this will lead to
systems of higher performance.

The main research projects of the Submicron Structures Laboratory, fall into four categories:
submicron structures fabrication (nos. 2 to 3), electrical properties of submicron structures (nos. 4 to
5), device films on insulating substrates (nos. 6 to 8), and periodic structures and applications (nos. 8
to 12).
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18.2 Microstructure Fabrication at Linewidths of 0.1 mm and
Below

Joint Services Electronics Program (Contract DAAG29-83-K-0003)

U.S. Navy - Office of Naval Research (Contract NO0014-79-C-0908)

National Science Foundation (Grant ECS82-05701)

Erik H. Anderson, Andrew M. Hawryluk, Robert F. Kwasnick, Alan C. Warren, John Melngailis,
Henry I. Smith

A variety of techniques for fabricating structures with linewidths of 0.1 um and below are under
development. These include: holographic lithography, x-ray lithography using
crystallographic-template masks, spatial-period-division and reactive-ion etching. A variety of
holographic techniques have been developed which permit exposure of large-area {(~5 cm diameter)
patterns with improved control of line/space ratio and resist profile. In x-ray lithography with C
sources the intrinsic resolution is ~100 A. Hence, resolution depends almost exclusively on mask
fabrication techniques. Crystallographic templates of triangular and square~wave cross section are
etched into Si substrates using anisotropic chemical means. Following techniques developed by
Flanders at M.I.T. Lincoln Laboratory, these are replicated into polyimide, which is then shadowed
with W to produce the x-ray mask. Linewidth of 30 nm with minimum edge ripple have been obtained.
Research on spatial-period-division has shifted from an x-ray to a deep UV approach using a
combination of diffraction gratings and multilayer mirrors on SiO2 and LiF masks. With this
technique, and in collaboration with D. Ehrlich of M.L.T. Lincoln Laboratory and R.Osgood of
Columbia University, we expect to expose large-area grating patterns having 400 R linewidths.
Reactive-ion etching of structures with linewidths ~0.1 pm and below is investigated to improve
control of cross-sectional profile and determine contamination effects. This research employs new
techniques we developed for preparing samples for TEM analysis.

18.3 Reactive Sputter Etching Studies

1.8.M. (PO No. 90305-QPSA-559)
Joint Services Electronics Program (Contract DAAG29-83-K-0003)
Christopher M. Horwitz

Extensive reactive sputter etching studies have been carried out. As a result, a more complete
understanding of electrical properties of the plasma has been achieved, a new type of etching
configuration has been discovered, and a new etch for Al and Al-Cu alloys has been demonstrated.

By careful measurements of the peak-to-peak rf voitage and the induced DC voitage on the target
electrode, the ion energies at both the target and the chamber walls can be deduced. The effects of
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L various geometries on the ratio of these two ion energies was investigated.

The power dissipated in the rf discharge has been measured by separating out the power
" dissipated in the matching network. Thus, for the first time, data on power dissipation in the plasma
was determined as a function of peak-to-peak rf voltage, pressure, and system geometry.

X4
A
Ny
) The etch rate of Si02 in CHF3 was studied in order to achieve reproducibility. The dependence on
S gas pressure, flow rate and voltage were measured. Increasing the effective capacitance between
253 rates.
"*?:4
“ A target configuration with two facing electrodes both at the same target potential (also called a
hollow cathode), was investigated. The plasma between these two electrodes is seen to be much
0 more intense than in the normal chamber. At a pressure of 0.3 Pa the etch rate of SiO,, in CF, was
i 2 4
..'_é found to be 60 times higher than on a conventional open target.
P
’ With SiF 4/02 gas mixtures, aluminum, Al,O,, and Al-Cu-Si alloys were etched while the horizontal
e faces of other materials, such as AZ photoresist, were covered with SiO . This is potentially an
'.o: important etch for Al since the gas contains no chlorine and thus problems of corrosion and undercut
N are avoided.
et
" 18.4 Electronic Conduction in Ultra-Narrow Silicon inversion
o Layers
b
e Joint Services Electranics Program (Contract DAAG29-83-K-0003)
. Robert F. Kwasnick, Marc A. Kastner, John Melngailis
X

Silicon n—channel field-effect transistors have been fabricated with a gate cross-section of 50 nm x
50 nm and gate lengths of 10 um or 1256 um. The narrow-gate was fabricated by evaporating
aluminum at a glancing angle against a step in the gate oxide. The narrow-gate devices exhibit
oscillations in their conductance as a function of gate voitage near gate-voitage threshold, at
temperatures <10K. Wide-gate devices identically fabricated on the same (100) silicon wafer exhibit

N

rh g e
S AAEY

‘ .

s

) no such oscillations. Detailed experiments are underway to explore the dependence of these
W oscillations on temperature, drain voltage, substrate bias, and magnetic field. There is evidence that
- ionic motion on the surface changes the detailed structure of the oscillations. This suggests that the
_ oscillations are associated with strong disorder in the potential experienced by the
'; quasi-one-dimensional electron gas contained in the inversion layer.
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18.5 Corrugated-Gate MOS Structures

Joint Services Electronics Program (Contract DAAG29-83-K -0003)
Alan C. Warren, Dimitri A. Antoniadis, John Meingailis, Henry |. Smith
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The principal aim of this work is to demonstrate and understand the effects of a periodic potential
variation upon conduction electrons in Si inversion layers. MOS transistors have been fabricated with
300 nm period gratings etched in the gate insulator. Initial testing indicates a successful fusion of :
standard planar technology with the required submicron structures processing, yielding high-quality, s
well-behaved devices at room temperature. The immediate goal is to test the devices at very low
temperatures (~1-3°K) and attempt to demonstrate the quantum effects due to a
quasi-one-dimensional density of states (conduction paraliel to grating) and due to superlattice
dispersion {conduction perpendicular to grating). In the future, we anticipate using the facilities of
the National Magnet Laboratory to test the devices. Characterization of the grating with regard to
uniformity, line/space ratio and sidewall angle is also being initiated.
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18.6 Graphoepitaxy of Si and Model Materials

0y g G

National Science Foundation (Grant ECS82-05701)
7 U.S. Navy - Office of Naval Research (Contract NOD0'14-79-C-0908)
4 Stephane S. Dana, Erik H. Anderson, Carl V. Thompson, Henry |. Smith

- Graphoepitaxy, in which an overiayer film is crystaliographically oriented with respect to an :
artificial surface pattern, has been demonstrated. However, to achieve singlecrystal films on a -
variety of substrates, for electronic and optical devices, the mechanisms of nucleation, growth, by
coaleacence and reorientation need to be understood so that orientation-spread and delects can be =
eliminated. We conduct basic studies of graphoepitaxial mechanisms in silicon, and model materials 3
(e., materials that exhibit large interfacial anisotroples and easy reorientation). This research is N
aimed at developing means of producing crystalline films of semiconductors and optically active
maperials on insulating substrates. Two low-temperature approaches to silicon graphoepitaxy are
N pursued: Sil, chemical vapor deposition (CVD) and solid-etate surface-energy driven secondary
recrystailization. ThoSil‘CVDhmiedmnindoudwbes.bothsingleandtwo-zone.oenenuy
with temperature oscillation to produce alternating deposition and etch-back. In the experiments on
solid-etate recrystaliization, very thin silicon films are used in order to favor surface energy driven
¢ grain growth. Similar approaches are used with the model materials.
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18.7 Zone Melting Recrystallization of Si for Solar Cells

=
FEN

U.S. Department of Energy (Contract DE-AC02-82-ER13019)
Harry A. Atwater, Henry |. Smith

Zone-melting recrystallization of Si on SiO, has produced high-quality crystalline films with (100)
texture, suitable for MOSFET devices. We are investigating the feasibility of using this technique to
produce low-cost solar cells. A planar constriction technique was developed that allows us to select
a single in-plane orientation. Also, subboundaries were shown to terminate when solidification
passed through channels about 20 um wide. A (100) texture was achieved in Si films up to 50 um
thick.
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18.8 Zone Melting Recrystallization of InSb and InP

U.S. Navy - Office of Naval Research (Contract NO0O14-79-C-0908)
Christopher J. Keavney, Henry I. Smith, Clifton G. Fonstad
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The success of Si zone-melting-recrystallization in producing device—quality films has prompted us
to investigate if similar results can be achieved with the Jll-V materials. These materials present
special problems of adhesion and stoichiometry control. Films are prepare. by ion beam sputtering
and flash evaporation. Natural oxides, SigN, and SIO, are used as encapsulants, and zone melting is
done with a heated W wire in vacuum or an Ar atmosphere. A (111) texture predominates in zone
" recrystallized films of InSb. Planar constriction techniques may permit single~crystal films to be
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18.9 Submicrometer-Period Gold Transmission Gratings and
Zone Plates for X-Ray Spectroscopy and Microscopy
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Joint Services Electronics Program (Contract DAAG29-83-K-0003)
Lawrence Livermore Laboratory (Contract 2069209)
Andrew M. Hawryluk, Mark L. Schattenburg?, Henry I. Smith, Natale M. Ceglio®
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Gold transmission gratings with periods of 0.2 and 0.3 um and thicknesses ranging from 0.5 to 1 ym
are fabricated using a combination of holographic lithography, x-ray lithography, and electroplating.
These gratings are either supported on polyimide membranes or are made seli-supporting by the
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| addition of crossing struts. They are used to analyze the x-ray emission from plasmas produced by
high-power lasers. Fresnel zone plate patterns are created on x-ray masks by electron beam
lithography in collaboration with I.B.M. T.J. Watson Research Laboratory and Cornell University.

£ These are then used to x-ray expose patterns